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SUMMARY

Ongoing advances in tissue engineering with the goal to address the clinical
shortage of donor organs have encouraged the design and development of biomaterials to
be used in tissuengineeredscaffolds. Furthermore, biomaterials have been used as
delivery vehicles for vaccines that aim to enhance the protective immunity against
pathogenic agents. These tissugineered constructs or vaccines are usually
combination products that combine biat@rial and biological (e.g. cells, proteins, and/or
DNA) components. Upon introduction into the body, the host response towards these
products will be a combination of both a rgpecific inflammatory response towards the
biomaterial and an antigapecfic immune response towards the biological
component(s)1]. Recently, the biomaterial component was shown to influence the
immuneresponse towards a -cielivered antigen. Specifically, poly(lacto-glycolic
acid) (PLGA), but not agarose, scaffolds or microparti@Bs) enhanced the humoral
response to a model antigen, ovalbuf2i#]. Thisin vivoresult echoed with thi vitro
study that PLGA, but not agarose, supported a mature phenotype of dendritic cells (DCs),
the most potent antiggoresenting cells. Therefore, it is hypothesized that the effect of
biomaterials on DC phenotype may influence tadaptive immunity against a -co
delivered antigen. Understanding how biomaterials affect DC response will facilitate the
selection and design of biomaterials that direct a desired immune response for tissue
engineering or vaccine delivery applications.

The objectives of this research were to elucidate the correlations between material
properties and DC phenotype, develop predictive models for DC response based on
material properties, and uncover the molecular basis for DC response to biomaterials.
Well-defined biomaterial systems, including clinical titanium (Ti) substrates and two

polymer libraries, were chosen to study induced DC phenotype.
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Due to the timeonsuming nature of conventional methods for assessing DC
phenotype, a higkthroughput (HTP) mé&bod was first developed to screen for DC
maturation based on surface marker expression (CHAPTER 4). -wel6ilter plate
based HTP methodology was developed and validated for the assessment of DC response
to biomaterial s. A dsCBR6ADESIGN iamdnmedswaed tbyo r 0
immunostaining, was found to be a cell huminelependent metric for DC maturation
and could be adapted to screen for DC maturation in a microplate format. This
methodology was shown to reproducibly yield similar resultsD@ maturation in
response to biomaterial treatment as compared to the conventional flow cytometric
method upon DC treatment invéell plates. In addition, the supernatants from each
treatment could easilye collected for cytotoxicity assessment usingagise6-phosphate
dehydrogenase (G6PIbpsed assay and cytokine profiling using multiplex technology.

In other words, the 9@ell filter platebased methodology can generate three outcomes
from one single cell culture: 1) maturation marker expressiomy®jtoxicity, and 3)
cytokine profile.

To examine which material properties were critical in determining DC phenotype,
a set of three clinical titanium (Ti) substrates with vaafined surfaces was used to treat
DCs (CHAPTER 5). These Ti substratesluded pretreatment (PT), sabthsted and
acidetched (SLA), and modified SLA (modSLA), with different roughness and surface
energy. DCs responded differentially to these substrates. Specifically, PT and SLA
induced a mature DC (mDC) phenotype, while @bé-treated DCs remaindthmature
based on surface marker expression, cytokine production profiles and cell morphology.
Both PT and SLA induced higher CD86 expression as compared to iDC control, while
mModSLA maintained CD86 expression at a level simdabC. PT or SLA-treated DCs
exhibited dendritic processes associated with a mDC phenotype, while macsitéd
DCs were rounded, a morphology associated with an iDC phenotype. Furthermore, PT

induced increased secretion of MOPby DCs compared to iD£ indicating that PT
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promoted a pronflammatory environment. SLA induced higher-16 production,
which is a pleiotropic cytokine, by DCs, most likely as aipftammatory response due

to the enhanced maturation of DCs induced by SLA. In contrastSbh#odlid not
induced enhanced production of any cytokines examined. Principal component analysis
(PCA) were used to reduce the muimensional data space and confirmed these
experimental results, and it also indicated that thestiomulating property omodSLA
co-varied with certain surface properties, such as high suhfgdephilicity, % oxygen

and % titaniunof the substrates. In contrast, high surface % carbon and % nitrogen were
more associated with a mDC phenotype. Furthermore, PCA also sulytiesturface

line roughness (R did not contribute to the expression of CD86, an important maturation
marker, suggesting that roughness had little impact on DC response (CHAPTER 5).

DC responsenaterial property relationships were also derived usimgre
complex materials from a combinatorial library of polymethacrylates (pMAS)
(CHAPTER 6). Twelve pMAs were selected and were found to induce differential DC
response using the HTP method described in CHAPTER 4. These pMAs resulted in a
trend of increaing DC maturation represented by the metric CD86H)GN, which was
consistent with the trends of the production of-fftammatory cytokine, TNFJ , and
chemokine, IL8. Interestingly, this set of pMAs induced an opposite trend df6lIL
production, whid is most likely released as an anflammatory cytokine in this
situation. These polymers were characterized extensively for a number of material
properties, including surface chemical composition, glass transition tempergju@r{T
water contact agle, line roughness @R surface roughness {$S and surface area.
Similar to the results from the Ti study, PCA determined that surface carbon correlated
with enhanced DC maturation, while surface oxygen was associated with an iDC
phenotype. In additm Ty, R, and surface area were unimportant in determining DC
response. Partial square linear regression (PLSR), a multivariate modeling approach, was

implemented using the pMAs as the training set and a separate polymer library, which

XX



contained methaclgte and acrylatdbased terpolymers, as the prediction set. This
model successfully predicted DC phenotype in terms of surface marker expression with
Rzpredicﬁon: 0.76. Furthermore, prediction of DC phenotype was effective based on only
theoretical chemical composition of the bulk polymers witheReion= 0.80 (CHAPTER

6). Nonetheless, e should note that a predictive model can be only as good as vghat it i
trained on and cannot be used to predict the DC response induced by a type of materials
different from the training set Also, this model might not contain all the important
material properties such as polymer swelling and cannot predict specifiofyipgaune
responsesHowever, hese results demonstrated thajeneralizedmmune cell response

can be predicted from biomaterial properties, and computational models will expedite
future biomaterial design and selection (CHAPTER 6).

From the pMA library pMAs that induced the two extremes of DC phenotype
(mature or immature)ere identified for elucidating the mechanistic basis of biomaterial
induced DC responses (CHAPTER 7). Two pMAmIlyhydroxyethylmethacrylate
(PHEMA) and poly(isobutyco-benzytco-terahydrofurfuryl)methacrylate (pIBTMA),
were selectedbecause they induced the least and the most mature DC phenotype,
respectively. These pMAs were used to elucidate the activation profiles of transcription
factors in DCs after biomaterial treatment amdre compared to the iDC and mDC
controls. In addition, a combined treatment of pHEMA and LPS was also included to
determine if pHEMA could maintain an iDC phenotype in the presence of LPS.
Interestingly,pIBTMA induced DC maturation primarily throughettactivation of NF
a B, wh i | emedmtddE sdppression of DC maturation through multiple TFs,
including the activation of ISRE, E2E GRPR, NFAT, and HSF. GIRR and E2H
have been shown to be associated with the suppression of DC maturation; ISRE, E2F
and NFAT are linked to apoptosis induction; HSF regulates the production of heat shock
proteins (HSPs) that induce DC maturation and inhibit apoptosis. The activation of HSF

by pHEMA was most likely a natural defensive mechanism against the otheotapop
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signals. Therefore, pHEMA suppressed DC maturation through the induction of
apoptosis. Surprisingly, in the presence of pHEMA, the effect of LPS was completely
eliminated suggesting that biomaterials can override the effect of soluble factoes. Th
morphology and surface marker expression of DCs treated with these different
biomaterials or controls were consistent with TF activation profiles (CHAPTER 7).

Overall, this research illustrates that biomaterial propertigthin the chosen
biomaterial pace,can be correlated to DC phenotype and more importasdty be used
aspredictors forelative levels oDC phenotype. Furthermore, the differential responses
induced by different biomaterials were mediated through the distinct activation profiles
of transcription factors. Together, these findings are expected to facilitate the design and

selection of biomaterials that direct desired immune responses.
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CHAPTER 1: INTRODUCTION

Biomaterials are widely used as scaffolds for tissngineered constructs and as
delivery vehicles for vaccines, both of which often combine biological and biomaterial
components. The success of such engineered products relies on their ability to eninimiz
or maximize host immune response, respectively. In addition to thespwsmific
inflammatory response against the biomaterial component, the biologics can induce
antigenspecific immune response from the host. However, the potential of biomaterials
to modulate the specific immune response towards the antigens associated with the
biological component, through an adjuvant effect, has only been recently eXBldied

Biomaterials commonly used in combination products were previously shown to
differentially affect DC phenotypén vitro. Specifically PLGA and chitosan films
promote DC maturation, agarose films maintain an iDC phenotype, and hyaluronic acid
films promoted an even more immature phenotfpé]. In addition, PLGA, but not
agarose, enhanced the humoral immune response towaredetivesed antigemn vivo
in a murine model thrazth a biomaterial adjuvant effe[8,4]. These studies suggested
that biomaterials can be employed to modulate DC phenotype, thereby controlling the
associatedin vivo host immune response towards the biologic components in
combination products. However, the biomaterial systems used previouslynaere
sufficient in determining which material properties directed the distinct DC response.
Therefore, welcharacterized material systems and combinatorial libraries of polymers
are expected to allow for the elucidation of correlations between DC ppenatyd
material properties, which will provide guidelines for immmodulatory biomaterial

design for both tissue engineering and vaccine delivery applications.



However, the assessment of DC maturation by flow cytometry is a time
consuming process tha suitable to evaluate only a limited number of biomaterials. As
a result, a highthroughput (HTP) methodology to study DC phenotype is desired to
facilitate the derivation of biomaterial propefC phenotype relationships as well as the
development of @mputational models for predicting DC response from material
properties. Furthermore, although ilike receptors (TLRsS) and integrins have been
recently shown to play a role in mediating DC response, the exact mechanisms by which
DCs recognize and respa to biomaterials remain to be elucidated.

The objectives of this thesis research were to derive DC phenotype
biomaterial property relationships and to correlate DC response to biomaterials
with activation profiles of transcription factors. Thecentralhypothesisvas that using
well-defined biomaterial systems with controlled variations in material properties,
correlations can be drawn between material properties and DC response. More
specifically, DCs respond to the biomaterials differentially duthéodifferent material
properties, which result in differential presentation of proteins on the surfaces as shown
previously[7]. It was hypothesized that different biomaterials trigger differential DCs
respond through signaling pathways leading to distinct activation profiles of transcription
factors.

The overall objectives were accomplished by testing our central hypothesis in the

following specific aims:

Specific Aim 1. Validate a 96well filter -plate-based, highthroughput
screening methodology to assess the effects of biomaterials on dendritic cellthe
working hypothesisvas that DC treated with biomaterials in a@éll format would
respond similarly as the DCs treated in the conventiofvedlbformat with the results
obtained by the fluorescent plate reader for CD86 expression (DC maturation) being

equivalent to the flow cytometry analysis, in this way validating the Hi&lyais.
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Different cell fixation schemes were examined to choose the best fixation method for
DCs in the filter plate method. Cell normalization methods byspérific markers,
including CD1c and DEIGN, were investigated. The assessment of DC maiarhti
the filter-plate methodology was compared to the conventional flow cytometric analysis.
Finally, biomaterials with known effects on DC maturation were used to validate the HTP

methodology by comparing the results to conventional flow cytometrigsisal

Specific Aim 2: Correlate DC phenotype upon treatment with biomaterial
surfaces of controlled changes in material properties using the higtimroughput
screening methodology. The working hypothesisvas that correlations between DC
maturation and matial properties could be derived using controlled biomaterial systems.

Through collaboration with Drs. Barbara Boyan and Zvi Schwartz at Georgia
Institute of Technology, titanium (Ti) disks of distinct surface roughnesses,
hydrophilicity, and chemistryvere used to study DC phenotype. DC response was
assessed by maturation marker expression using flow cytometry, cell morphology using
scanning electron microscopy, and cytokine profiles by multiplex-baadd cytokine
assay based on the Luminex XMAP tedbgy. Principal component analysis was used
to confirm the differential responses induced by the different Ti surface and derive
material propertyDC response relationships.

Through collaboration with Dr. Joachim Kohn at Rutgers University, two
combinaorial libraries of polymers, namely, a pMA library and a methacrylaied
acrylatetbased terpolymer (simplified as Adterpol
the correlations between DC phenotype and biomaterial properties. Twelve polymers
from eachof the libraries were selected. Material properties characterized included a)
surface roughness {Rand/or §), b) contact angle, c) 4 and d) surface chemical
composition for both libraries. For the terpolymer library, additional characterization

was carried out, including water modulus and time of flight secondary ion mass
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spectroscopy (TolSIMS). DC phenotype was characterized using the HTP method
developed in Specific Aim 1, which provided surface maturation marker information as
well as cytokine pfile data. PCA was then performed on the DC phenotype data
derived from the pMA library to discover covariations between material properties and
DC phenotype. Furthermore, several partial linear squares regression (PLSR) models
were developed using thEMA library as the training set and the terpolymer library as
the prediction set. PLSR models aimed to optimize the correlations between X and Y
data matrices, where X included the material property information and Y contained DC

phenotype data.

Specfic Aim 3: Correlate biomaterial-induced DC response with activation
profiles of transcription factors. The working hypothesisvas that using the pMA
library and the HTP method, pMAs that induced the two extremes of DC phenotype
(mature or immature) could be identified, and the differences in DC behavior to material
properties could be mediated by distinct activation profilesasfscription factors. Two
pMAs, polyhydroxyethylmethacrylate (pHEMA) and poly(isobutg-benzytco-
terahydrofurfuryl)methacrylate (pIBTMA), were chosen from Specific Aim 2 because
they induced the least and most mature DC phenotype, respectively. (fivadicac
profiles of eight transcription factors, includirigF-a B, | SR,EE2F1,ATREB,
GR/PR, NFAT, and HSF, induced by these two pMAs were analyzed and compared to
the TCPStreated immature DC (iDC) or LPeated mature DC (mDC) control.
Specificaly, nuclear extracts were prepared from differentially treated DCs and were
guantified for the binding of target transcription factors to specific DNA probes. The
morphology and surface marker expression of differentially treated DCs were also

assessed tiurther confirm the effects of the two pMAs on DCs.



CHAPTER 2: RESEARCH SIGNIFICANC E

As of 2005, in the United States, there were nearly 90,000 patients registered to
receive 95,000 organ transplants. However, the total number of available organs for
transplardition was approximately 27,000 (Transplant Statistics: The Organ Procurement
and Transplantation Network / The Scientific Registry of Transplant Recipients).
Furthermore, the current national healthcare costs are in excess of $1.5 trillion annually,
or 13% of Gross Domestic Product (GDP). With the ageing population, it is estimated
that 25% of the U.S. GDP would be contributed to health care by 2040 (U.S. Department
of Health and Human Services). As a result, health care economics are now driving
indudry to produce cures and vaccines rather than simply therapies, and tissue
engineering and preventative medicine have emerged to be prospective alternatives to
organ transplantation and a means to prevent diseases, respicByely

Biomaterials are widely used as the carriers of biologics in combination products
for tissue regeneratidd0,11]or vaccine delivery12]. In order for tissue emgeered
devices to reach their full therapeutic potential, they must be accepted by the host to
integrate in a fully functional manner. In contrast, vaccine delivery seeks to enhance or
maximize a protective immunity. These devices may evoke bottiagntivve immune
response against the biologics and a-specific inflammatory response against the
biomaterial component. The success of such products relies on their ability to minimize
or maximize host immune response, respectively.

Biomaterials commnly used in tissue engineering or vaccine delivery were
previously shown to differentially influence DC phenotypeitro [5,6], which were
translated into correspondingvivo humoral response against adelivered antigen
[3,4]. Understanding how biomaterials elicit such distinct DC responses will facilitate

the design and selection aft@ire biomaterials for tissue engineering or vaccine delivery,
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where distinct and optimal immune responses are desired. However, the material systems
used in previous studies were not sufficiently controlled to determine which material
properties contribied to such differential effects.

The objectives of this research were fiotd. First, it aimed to derive
correlations between material properties and DC phenotype as well as to develop
computational model for predicting DC phenotype based on mgbteoaérties. Second,
this research soughttorrelateD C6 s r e s p o0 n s ewithtthe probfilepomat er i al s
transcription factoactivation With the understanding of DC phenotypeaterial
property relationships, the computational models developed couwlat{pBEC response
based on the chemical composition of the polymers, which is expected to expedite future
biomaterial design for immunomodulatory effects on DCs. Such predictive models will
reduce research costs overall because they allow for rationeticelef biomaterial
formulations before any synthesis, characterization, and biological experiments are
performed. Furthermorethe understanding of the transcription factor activation profiles
upon biomaterialreatmenwill facilitate the design of bimaterials that can trigger the
activation of certain TFs. Specifically, for tisselegineered devices or modulation of
transplant rejection, biomaterials that trigger the activation of immunosuppressive TFs
should be selected. In contrast, for vaccinieséey or cancer therapy, biomaterials that
can trigger strong activation of immunostimulatory TFs should be selected for maximal

and effective immunity.



CHAPTER 3: LITERATURE REVIEW

3.1. Innate and adaptive immunity

Vertebrates are protected by two systemsinmiunity: innate and adaptive.
Innate immunity serves as the first line of defense against foreign entities that is achieved
by conserved effector functions such as complement activation to mark foreign entities
with activation fragmentglL3] that can be recognized by phagocyfes15]for clearance
and destruction of the invader. It is a rapid and-syecific response by the host to clear
the foreign pathogens or materials, repair tissue damage and to remove apoptotic cells
[16-18]. The complement system is composed of a set of plasma proteins that can bind to
the pathogen surfaces leading to proteolytic cleavage, whose fragments mediate an
inflammatory response, pathogen recognition by phagocyisiimately resulting in
cell lysis through the membrane attack comgdEX20] The recognition of pathogens
by these phagocytes results in the release of cytokines and chemokines that attract
monocytes and neutrophils to infiltrate into the infected tissues from circulation and
initiate the infammatory respond@1].

Host organisms can also detect the presence of pathogens by recognizing a limited
number of conservedrsictures, called pathogassociated molecular patterns (PAMPS),
associated only with microrganisms[22,23] Professional APCs including DCs and
Mids bind to PAMPs via pat {248]rThe ligatian of¢PRRst i o n
often results in activation of the APCs for their enhanced abilities to stimulate T cells,
which then causes the direct lysis of the infected cells by cytotoxic T cells, or activation
of B cells todifferentiate into plasma cells and synthesize anigpatific antibodies

[25,26] An important family of PRRs is the tdike receptors (TLRs) family, which, for

" Adapted and Modified from Kou PM and Babensee JE. Macrophage and dendritic cell phenotypic
diversity in the context of biomaterial3ournal of Biomedical Materials Research Part9%:239260
(2011).



mammals, has 13 members in different cellular locations (both artchextracellularly)

and has specificity to a broad array of rolwal epitopeq25,2731]. Other PRRs on

DCs include @ype lectin receptors (CLRs), which bind to carbohydr§B2s33] and
scavenger receptors, which has broad specificity to a variety of polyanionic li@ahds

In addition to these receptors, DCs can also recognize intracellular pathogens or
pathogenic components with nucleotisieding oligmerization domain (NOD)
protein$34], retinoic acidinducible gene I (RIG)-like receptors such as melanoma
differentiationassociated gene 5 (MDAS5, also known as Ifihl or helig@&l)and RIGI

and DNAdependent activator of interferoagulatory factors (DAI)36].

3.2. Dendritic cells

Since the initial discovery of DCs by Steinman and C[8%], DCs have been
demonstrated to play a pivotal role in the host responses to a variety of foreign entities
[38]. Dendritic cells are spsely but widely distributed APCs of hematopoietic origin
that are specialized in the uptake, transport, processing and presentation of antigensto T
cells [39-41]. Among APCs, which also include
believed to be capable of stimulating naive T cpllg]. Approximately 10 years ago,
monocytes, initially thought to be the presw r s  oif vivdlwese also found to
migrate to injured sites and differentiate into Di@8] in response to granulocyiM U
colony-stimulating factor (GMCSF) and IL4 [44,45. Interestingly, in the presence of
fibroblasts, which generate 46 , monocytes differentiated 1in
of GM-CSF and 14 [46]. Thus, IL:6 may play a role in regulating the development of

monocytic DCs and Muios. Anal ogous to Muoobs

induced into an inflammatory or a tolerogenic phenofyié¢ (Figure3-1).
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Figure 3-1. Different subsets of monocytederived DCs, their inducers, phenotype, and functions.
Immature DCs (iDCs) can be derived from monocytes in the presence of 4 and GM-CSF. IL-6
may maintain the different i at i on of monocytes intdanldBMGIFspite t
DCs can acquire different phenotypes in response to stimuli. Danger signals and PAMPs can
activate iDCs into classical mDCs that express higher levels of costimulatory molecules (Cr&and
CD40), MHC class Il molecules, release prinflammatory cytokines, migrate to the lymph nodes and
stimulate naive or memory T cells. During the steady state, tolerogenic DCs are naturally actively
induced in response to apoptotic cells and sediintigens. These tolerogenic DCs release anti
inflammatory cytokines such as I-:10 and induce TFcell anergy, T-cell apoptosis and/or T
expansion. DCs can also be alternatively activated by arntiflammatory molecules such as
dexamethosone and IE10. These aaDCs have been shown to release aimflammatory cytokines,
induce T, €Xpansion and promote angiogenesis.

9



3.2.1. Inflammatory DCs (of myeloid origin)

In the immature state, DCs act as sentinels in peripheral tissues, constantly
sampling their micragvironment for potentially dangerous or foreign antigens and
self/nonself proteing41,48] Immature DCs take up antigens through adépendent
process of phagocytosis for particulate antigens and macropinocytosis or receptor
mediated endocytsis for soluble antigg¢fh®,49] The receptors involved in endocytosis
of pathogens include Feceptors for antigeantibody complexes, CLRs for glycans and
complement receptors for complement fragreodted pathogens. Interestingly, CLRs
and TLRs undergo crodalk; that is, the binding of a ligand to one receptor can modulate
or fine-tune the infmunological outcome that arises from the binding of another ligand to
the other[50]. Fc and complement receptors (CRs) are expdes®t DCs and their
expression alters upon DC activation. For instance, during DC maturation, the
percentage of CR3 positive cells decreased. @CR3 (CD11b/CD18) and CR4
(CD11c/CD18) recognizes iC3b, the ligation of which facilitates antigen uptake. In
add t i on, DCs express FcoRs, FcURs and FcUR:
immunoglobulins leads to different DC respon$gs]. For example, the ligation of
CD32a (FcoRIIl a), but not CD32b (FcoRIIT Db)
maturation [52]. Furthermore, immature and mature DCs themselves can produce
complement components C1q, C7, C8 and C4b binding pri&2j54] The presence of
complement component, C3, is also important in supporting functional DC differentiation
and maturation in response to LR® vitro [55]. Understanding the functions and
interplay of these receptors and complement components during innate immune
responses will provide insights into how B€gulate immunity and tolerance.

In addition to mediating the endocytosis of antigens, the recognition of pathogens
by PRRs initiates signal i ng-1ld/ABKcaaddothers) ( e. g.
that leads to the maturation of DCs, which resitthe change of morphology, the-up

regulation of cestimulatory molecules (notably CD80 [B7.1] and CD86 [B7.2] in the B7
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family) and MHC class | and Il molecules and the release eirfl@mmmatory cytokines
[49,56] Activated DCs transiently enhance antigen uptake but degulate their
endocytc capacity after several hou[§7,58] through the inactivation of a required
rhoGTPase called Cdc439]. Furthermore, DCs express different chemokine receptors
at differentstages of maturation. Immature DCs exprasflammatoryy chemokine
receptors such as CCR2, CCR5, CCR6, CXCR1 and CXCR2 that allow them to respond
to the chemokines released at the sites of inflammation. Upon encountering maturation
stimuli, DCs dowrregulate thefinflammatory chemokine receptors, tnegulate CCR7

and migrate towards draining lymph nodes where they prime naive T hejper(s.

CCRY7, which regulates chemotaxis and migratory speed, binds to the chemokine,
CCL21, expressed on the endelial cells lining the lymphatic vessels and to CCL19
expressed on the T cell area of the lymph nf@fs61] Matrix metalloproteinas@
(MMP-9) was demonstrated to be involved in DC migration through epithelial tight
junction[62].

Besides PRR ligands, extracellular matrix (ECM) proteins have also been found
to affect DC phenotype. For example, type | collagen, but not fibronectin or laminin,
induced a fully matured DC pghotype, including the upegulation of cestimulatory
molecules and enhanced allostimulatory capa@;64] Furthermore, DCs possess
many adhesi on mol @antegrin dCD29/€D40)[65] a 13 d-intébgen b
family (CD11/CD18)[65,66] These integrins mediate interactions between DCs and the
ECM and may modul at e D Cimegrm,nlCO18ywassuggestBde c e n t
to play a role in regulating DC behavif@7]. The maturation of DCs is a continuous
process initiated in the periphery upon the encounter of antigens and the balanee of pro
and antiinflammatory cytoknes and completed during the BiCcell interaction in the
secondary lymphoid orgaf49,68]

In the secondary lymphoid organs, mature DCs provide three signals to T cells to

trigger their c¢clonal e X p a n s-loaned MHQ rBolecule a | 10
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with the Tc e | | receptor ( TCR) ; ASi gnal 20 der i
from mature DCs; #fASignal 30 genp8l.atheses f r om
signals also function to instruct the polarization of T cells and tune the immune response
by modulating the amplitude or the type of the response depending on the type of
pathoger{69]. In a 3D collagen matrix model, DC/T cell interactions were shown to be
dynamic and short lived, and these repetitive stemnt contacts trigger signaling for
effective antigen presentatidi0]. Furthermore, priming of T cells was inhibited in
mindin defigent mice, suggesting that efficient T cell priming depends on the ECM
protein mindin[71].

The selection of effector immune fuions is controlled by antigespecific T
cells, which include f1-, Th2-, Teyr and the recently discoveredIl7-type cells at
different ratiog58,7274]. The most potent,I response inducer is thought to bell2,
whose source seems to be restricted to the populations of APG&2 directs the
development of J1 cells that express thetiox transcription factor -bet and produce
high amounts of IFMN .In contrast, IL4 directs T2 response, causing thgZTcells to
express the zininger transcription factor GATA3 and secret4l[75]. More recently,
pro-inflammatory cytokine 123 was shown to take a prominent role in the expansion of
IL-17 secreting T cells and hence the nam&7Tresponsdg74]. These T cells are
differentially regulated and have distinct functions in immunity. The ansgesific T2
cells that are activated by DCs can secret a copious amourddofwhich supports B
cell productionof antibodieq58]. In contrast, the (L cells can be activated by DCs to
generate cytotoxic T cell§6]. T,17 cells are important in fighting bacterial and fungal
infections[74]. Teg cells keep immune response in check and prevent autoimmunity
[77]. Hence, DG not only play a crucial role in bridging innate and adaptive immunity,
but they also possess the capability to direct a particular pathway of immune response.
The balance of thesenTesponses is critical in maintaining effective immunity and

homeostasi.

12



3.2.2. Tolerogenic dendritic cells

When DCs capture immunogenic antigens, it is likely that they also process and
present selflerived and harmless environmental antigens-tellB. If the presentation
of such self or environmental antigens inducespéidle immune response, autoimmunity
or chronic inflammation against harmless agents may be developed. As a result, intrinsic
or extrinsic mechanisms have evolved to induce different types of peripheral tolerance.
Dendritic cells induce deletion or angrgf T-cells in the thymus in the intrinsic
mechanism, or regulatory T cells{g in the extrinsic mechanism, respectivgly,78]
DCs pulsed with low doses of blodibrne circulating C5 protein were able to delete C5
reactive transgenic thymocytes in culture, and they were also evidenced te induc
deletional tolerance vivo, which delineates the role of DCs in central tolerdi@®e80]
In peripheral tolerance,is expres high affinity IL.-2 receptor (CD25) and transcription
factor, forkhead box P3 (Foxp3), secrete copious amount-d0 land have a suppressive
role in host respons¢s3,81,82] DCs that express low levels of CD80/CD86 are tble
induce Foxp3 Treg from Foxp3 precursors and induce abundant2lfrom the Fcells in
the presence of TGB, wher eas ot her ARXsgcrefion andgd t o
expansion83,84] Low doses of soluble antigens targeted to DCs at steady state can
induce peripheral tolerance throughet deletion of naive peripheral T cellg7].
Apoptotic cells, rather than necrotic cells, can also trigger the apoptosis axiytoells
as well as the induction of.cfy and T2 cells, resulting in tolerand®5]. It has been
shown in arin vivo model thathe induction of peripheral CDF cell tolerance depends
on PD1 and CTLA4 [86]. Therefore, DCs are specialized APCs that cztively
induce the formation of s in the periphery and play a central role in immunological
self-tolerance. These DCs that develop naturally to prevent autoimmunity are tolerogenic
DCs. In order to generate DCs with tolerogenic phenotype for ther@aagplications,
various strategies have been developed to induce regulatory DCs, or often called

alternatively activated DCs.
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3.2.3. Alternatively activated DCs (aaDCs)

In contrast to the DC maturationducing PAMPSs, many agents were found to
suppressDC maturation, inducing a tolerogenic phenotype poth human and mice.

T h e slernafively activatealDCs, orfiregulatory DC6, are generally characterized by
low allogeneic T cell stimulation and low expression of maturation markers and co
stimulatory molecules[77]. For instance, glucocorticoids such as dexamethasone,
methylprednisolone and prednisone severely impeded theetiffation and antigen
presentation capability of DCEB7]. Another welknown example is £10, which
induced immature DCs intolerogenic APCén vitro and inhibited ovalbumauspecific T

cell proliferation in anin-vivo mouse mode[88]. Murine bone marrowderived DCs
treated with 1:10 and TGFb s e c r-¥tirelaced IFGxp3 T €Xpansion, induced
alloantigenspecific hyperesponsive T cell proliferation and prolonged the survival when
delivered in a donestrain heart graft by estimulatory blockade wit CTLA4-Ig [89].
Interestingly, human DCs that matured in the presence of calcitriol,, R&8HL-10
produced higher level of th@ro-angiogenic cytokine VEGF as compared conventionally
activated DCs that were only treated with LF¥], suggesting that aaDCsay
participate in wound healing by promoting angiogenésan interesting link between
immunity and regeneration.

In addition, a new subset of regulatory DCs, termed diffDCs, was discovered by
co-culturing mature DCs with splenic stroma. The diffDCs evésund to maintain
immune homeostasis by activating NK cells, which in turn kill surrounding diffDCs
[91,92] Human monocyteerived DCs treated with artiflammatory molecules such
as dexamet hdiglmxywdtamin D8 (th2 &ctive form of vitamin D3), in the
presence of LPS acquired a semature phenotype and amilammatory cytokine
profile. These DCs primed both naive and memory T cells to inhibit primary e
CD8" T cell responses; however, these aaDCs were not able to induce’ Floxp3

expansion[93]. A semimature state of DCs may also be induced by the ligation of
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signatregulatory proteild ( SU)RPt o CD47 on DCs. Af ter
appeard to become mature and migratory, but at later time points, DCs reverted back to
their immaturelike state. Such a sermature stage may represent a checkpoint for the
regulation of DC maturatio94]. The identification and development of Ron
pharmacological biomateridlased means of obtaining DCs with distinct functional

phenotypes is a powerful strategy to control immune and evbealing responses.

3.2.4. Modulation of dendritic cell phenotype by innate immune cell types

The cells from innate immunity have been demonstrated to modulate DC
maturation. Ceculture of activated platelets with DCs induced theregulation of
CD80, CD86 and ICAM1 by DCs to a level similar to LPSimulated maturation.
Activated platelets also enhanced the production efdland Il-:6 by DCs[95]. Such
activated plateleinduced DC maturation might have been mediated through CD154 and
may suggest a link of blood coagulation to adaptive immunity by the maturation of DC.
Interestingly, platelets had a neutralizing effect bydbig Gp96, a heat shock protein
released from cells after tissue damage, thereby modulating -iG@36ed DC
maturation. This may represent a control mechanism by which-iktiiieed DC
activation is limited locally during wound healing proced®&3. In addition, activated
neutrophils were shown to induce DC maturation and enabled these DCs to trigger strong
T cell proliferation and',1 polarization by the interaction of thetgpe lectin, DGSIGN
on DCs and Mad (CD11b/CD18) on neutrophi[87]. Furthermoreantigens from live
and from apoptotic neutrophils could be acquired by DCs, which then elicited antigen
specific T cell responsel®8]. These insights suggest that crtalk between innate

immune cells with DCs can lead to modulation of adaptive immunity.
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3.3. Dendritic cell response to biomaterials

Unl i ke macrophage (MO) response to bion
for decades, DC response to biomaterials has only recently been studied, beginning in the
context of adjuvant effects of biomaterials in combination products on associated
immune responses. An increasing number of combination products that incorporate both
biomaterial and biological components have been designed for-gsgireeering and
vaccine delivery applicatior[4,99-102]. While the biomaterial component elicits a non
specific inflammatory response that is mediated through a number of components such as
pl atelets, pol ymorphonucl ear cells and MO
may induce an antigespecific immune respong&]. Because DCs are the most potent
antigenpresenting cells (APCs) that can acteraaive Fcells, and because the primary
mechanism by which adjuvants enhance an adaptive immune response is the maturation
of APCs, primarily DCs, the effect of biomaterials on DCs has been investigated.
Conversely, because DCs are central in inducigg, Ttheir ability to induce tolerance is
emerging as a significant area for research for tissue engineering/transplantation

applications in which biomaterials are used.

3.3.1. Biomaterials in combination products

Since the adventoofnfAl®988Buei enhbasedeimnag

of revolutionizing treatment and therapies for pati¢h@3]. Tissueengineered devise

are typically composed of biomaterial and biologic compongn@9]. Polymers are
increasingly favored to be the biomaterial component because of their high processibility

and controllable degradabilifyt04]. For example, polymeric biomaterials have been

used as a scaffold to bridge peripheral nerve §HpS, to encourage vascularized tissue
growt106], and to repair bone defec{d07]. In addition to tissuengineered
constructs, polymers have also been widely used as carriers for biologic drugs, nucleic

acids, and vaccing400-102]. However, the process of implantation and delivery of the
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biomaterial results in an injury to host tissues, which perturbs the homeostatic
mechanisms and leads to wound healing, a classical outcome of an innate immune
responsg108]. The biologics, such as cells and proteingmimunogenic may be a
source of antigens from the biomaterial carremg initiate a specific adaptive immune
response[l]. Elucidating how the presence of biomaterials alters the host immune
respone to cadelivered biologicsill provide insight into improved modulation of host

response against combination products.

3.3.2. Biomaterial adjuvant effect on DCs

Biomaterials were previously shown to have an adjuvant effect that enhances the
immunogenigdy of a model antigenovalbumin (OVA). OVA adsorbed on nen
biodegradable polystyrene microparticles (MPs), or OVAlelivered in biodegradable
75:25 Poly(lactieco-glycolic acid) (PLGA) MPs or scaffolds (SCs) were found to
support a moderate humoral imane response that was maintained for thevé&8k
duration of the experiment, and the response was primaglyésponse as indicated by
the predominant IgG1 isotyd@]. The OVA cedelivered PLGA SCs induced a higher
and longer lasting humoral response, while the MP counterpart induced a more transient
responsg3]. Such enhanced immune response is presumably due to the implantation
associated tissue injury that released fAda
[3]. Upon tissue injury, HMGB1, a potent danger signal, is released by necrotic cells
[109] and is found at higher concentration in exudates from subcutaneously implanted
PLGA SCs in comparison to naive contfdl0]. This result suggested the possible role

of danger signal biomatertaiduced adjuvant effect.

3.3.3. Biomaterials affect DC phenotype

Treatment of human monocytierived DCs with PLGA MPs or films induced

enhanced expression levels of costinmia molecules (CD40, CD80, and CD86), MHC
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class Il molecules (HLAQ and HLADR) and DC maturation marker (CD83) as
compared to the untreated immature DC (iDC) control, but to a lesser extent as compared
to the LPStreated positive mature DC (mDC) contfpl1l]. PLGAtreated DCs possess
dendritic processes resembling those on mDCs and enhdlostuiralatory capability to
stimulate TFcell proliferation in a mixed lymphocyte reaction (MLR)11]. A study
investigating the dierent effects of PLGA and agarose on mouse buagow derived

DCs showed similar DC maturation in response to PLGA, but DC maturation of agarose
treated DCs was not significantly different from iDCkL2]. In addition, cytokine
analysis showed that DCs treated with PLGA secreted higher amounts fl TN#B,| L
IL-6 and IL-10 than those secreted by agartseated DCs. InterestinglDCs treated

with PLGA MPs released increasing amount of these cytokines in-ddg® dependent
manner, but they produced low amounts oflllb a n dp70l ISUcR biomaterial
induced DC maturation was found to require-b&imaterial contact in a transivassay
[111].

Furthermore, a differential effect of DC maturation was induced by different
biomaterials. More specifically, F3A or chitosan films induced DC maturation while
alginate and agarose did not and hyaluronic acid film exhibited suppressed DC
maturation[113]. Mixed lymphocyte reaction showed that DCs treated with PLGA and
chitosan films supported higher levels ofcdll proliferation as compared to iDCs, DC
treated with hyaluronic acid films induced lower levels ed€ll proliferation, and DCs
treated with agarose and alginate films did not differ from iDCs in allostimulatory
capacity[114]. Surprisingly, both PLGAand agas e i nduced hi gher
than iDCs, and the activation level is much higher in the DCs treated with agarose
[6,112]

Importantly, biomateriakpecific in vitro induced DC phenotype could be
translated inton vivo host responses by the studies that demonstrateBltkah, but not

agarose enhanced the humoral immunity against adetivered model antigem vivo
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[3,4]. Clearly, biomaterials can affect Dibenotype and can be manipulated to modulate
immune responses. However, the biomaterials used in these studies have very different
properties and it is impossible to deduce which material properties are the most important
in affecting DC phenotype.

In order to understand the correlation between biomaterial properties and DC
maturation, materials with better defined surface chemistries were used to study the
biomaterial effects on DCs. DCs were treated with self assembled monolayer (SAM)
surfaces of alkaethiols with defined and distinct terminal groupSHs, -OH, -COOH
and -NHy). Based on cell morphology, allostimulatory capacity or expression of
maturation markers, all four SAMs elicited modest DC maturation in comparison with
iDCs, while -CH; SAMs wee found to be the least activating. However, these DCs
secreted the highest levels of pnflammatory cytokines TNE)  a n-6, whidh
contradicts the least mature phenotype. The investigation into DC viability revealed that
CHsz SAMs supported fewer levy human monocytderived DCs. The number of early
apoptotic, late apoptotic and necrotic and nonviable cells was significantly higherson CH
SAMs than any other surface or controls. Surprisingly; €&ated DCs induced higher
expression of CTLA4 on T-cells, which is a negative signal for T cell proliferation
[115]. These results are opposite hdremthe hose
CHzs functional group induced more leukocyte adhesion and more fijid€i

In addition to the treatment of DCs witlhomaterial films, studies have also been
carried out to investigate the interactions of DCs with porous scaffolds. The phenotype
of DCs upon seeding the cells on PLGA or agarose scaffolds was examined. It was
found that, similar to treatment of DCs lithe film versions of these polymers, DCs
treated with PLGA scaffolds displayed moderately mature phenotype with dendritic
processes, elevated expression of maturation markers and increased secretion of pro
inflammatory cytokines to the level similar telis treated with PLGA films, while

agarose scaffold did not induce DC maturafibh7]. It was also found that biomaterial
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scaffdds engineered with proper lymphoid microenvironment allow DC migration and
interaction with Fcells, which represents a promising strategy to create ectopic lymphoid

tissue[118].

3.3.4. Mechanisms by which DCs respond to biomaterials

The exact mechanisms by which DCs recognize biomaterials remains to be
elucidated. It is possible that complement, plasma proteins (with asso@dtetydrate
modi fi cat i owmanger sgmal adsorb hoethe biématerials, which are then
recognized by the PRRs, primarily CRs, CLRs and TLRs, on B@mure 3-2) [119].

Recent research using MyD88 and TLR knocked out mice demonstrated that DCs use
TLR2, TLR4 and TLR6 fothe responses to a group of chemically and physically diverse
biomateriald120]. Mice lacking any of these TLRs or MyD88 had impaired expression

of activation markers and reduced production ofipfammatory cytokines relative to

the wild type controls[120]. Recentl vy, b integrins wer e
mediating DC adhesion and response to biomatdfidls]. The other receptors such as
FcR and CR as well as their crassk with PRRs may also play a role in biomaterial
induced DC phenotypeFigure 3-2). ECM proteins adsorbed on tissudture
polystyrene plates have been shown to affect DC morphology, cytokine production and
allostimulatory capacity. For example, DCs cultured on collageitronectin substrates
released highr levels of 1-:12p40, while DCs treated on albumin serumcoated
substrates generated higher amounts g@fOlcompared to other substrates. Higher levels

of IL-12p40 release correlated with enhanced TD4ell priming and F1 response

[122]. Therefore, intelligently engineered biomaterials may guide the presentation,
orientation or conformation, of adsorbed teinos in suchawa t h a tbiomakeeak e i
associated molecular patterns (BAM&sither induce DC activation or tolerance against

co-delivered antigens. Biomaterials represent an excitingphanmacological tool, by
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which DC phenotype may be modulated to achieve aeatk$iost immune response to

combination products.
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Figure 3-2: Possible mechanisms by which biomaterials influence DC responses. Complement and
plasma proteins differentially adsorbed to the biomaterials ae likely to be recognized by the PRRs,
primarily TLRs and CLRs, on DCs. Other receptors such as FcR, CR, and integrins and their cross
talk with TLRs and CLRs may also play a role in biomateriatinduced DC phenotype.

3.4. Vaccines and adjuvants

Biomaterals have also been used to enhance immunogenicity of vaccines as
alternatives to the only FDApproved aluminurbased adjuvants. In addition to
enhancing immunogenicity, adjuvants may also skew the response toward a particular
type, such as humoral orlcenediated immunity. This is of paramount importance

because the immunity to different pathogens may require distinct types of immune
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protection [69]. Many adjuvants have been developed to enhance the efficacy of
vaccines, but their mechanisms have not been fully understood. Mineral salts (e.g. alum),
liposomes and biodegradable polymer microspheres are believed to enhance
immunogenicity by causing a depot effect at the site of injecfid)123] while others

such as complaedtjeu vRArnau ndCOFA) and i ncompl ete
as immunostimulatorfl2,124,125] Although CFA is a potent adjuvant, it is too toxic

for human use[124]. To date, only alum, MF59 (edased emulsion) and
monophosphoryl lipid A (MPL) are licensed for human applicatid23]. Better and

more effective adjuvants that can direct controllgdl ar T,2 responses are desired and

of great research interest.

3.4.1. DCs and biomaterial adjuvants

Because of Despondera ® adjueahts posséss potent capability of
activating naive icells and initiating adaptive immunity, they have become the major
target of vaccine design and development. Certain polymers, especially in particulate
forms, have shown to act asjadhnts due to their ability to induce DC maturation
[6,101,111,113] Furthermore, block copolymers with both hydrophilic and hydrophobic
domains were fouh to have increased adjuvant activity with higher percentage of
hydrophobic monomers. It is possible that hydrophobic polymers activate DCs in a way
that mimics the hydrophobic domains of PAMR49]. As proposed by Seong and
Matzinger in the Ahyppo hypothesiso, altho
of them have hydrophobid o mai ns, whi ch demgeasbomted t i o n
mo | e c ul a(DAMPathat triggenRRR activatioi6].

Biomaterial MPs and nanoparticles (NPs) have been widely used in vaccine
delivery. Particulate adjuvants cause-pritammatory cytokine I[E1 b s ecr et i on
DCs when associated with LPS. Interestingly, processing oflLpfob requires

inflammasomes, coptex intracellular proteins consisting of NALP3, ASC, CARD and
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Caspl and the uptake of particulate adjuvants by DCs activates NALP3 inflammasomes
[126]. Furthermore, biomaterials may also be manipulated to modulate trafficking of the
co-delivered immunogen, thereby controlling the efficiency of cprssentation by
DCs. Crosspresentation of immunogens is important in mediatingtoyto CD8' T cell
response against intracellular pathogens. PLGA MPs encapsulated with OVA were able
to induce CD8 response towards an exogenous antigen at antigen concentration of 1000
fold lower than soluble antigen and-fiddd lower than antigeicoatedlatex bead$127].
MPs, instead of NPs, were able to induce higher guossentationn vitro, possibly due
to the fact that layer particles take longer to be degraded in the endosomal pathway and
hence protect the antigen, to allow it to be available intracellularly for loading to MHC
class | molecule$128]. However, in arin vivo study, NPs were shown to be more
efficient in accessing DC population in the lymph nodes due to their readily being taken
up into lymphatics after interstitial injectigh29]. Therefore, a balance between uptake
and cross presentation efficiency needs to be optimized for cytotoxic T cell response. In
addifon, pHs ensi ti ve fismart o polymer has al so
from being degraded intracellulaf$00]. Anothe strategy to shift the immune response
to CD8 T cell response is to deliver silencing RNA (siRNA) againstdlto DCs. Ce
delivery of siRNA and DNA antigens to DCs by MPs was shown to induce strong DC
activation and T cell proliferation, switching thesponse to cytotoxic CD8 response
[130]. Subsequently, a model DNA vaccine delivery system was developedrusitg
crosslinkirg hydrogels that only geh vivo for the delivery of chemokines and MPs
encapsulating siRNA against -10 and DNA antigen. Such system was shown to
enhance DC recruitment to the MPs and effectiv&0OLsilencing131].

A high-throughputMP microarray platform was recently developed to facilitate
the optimization of partickased vaccines for DCs. PLGA microparticles were printed

on adhesive islands on a glass coverslip, and DCs cultured atop were fourddalize
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with the MPs. This platform may allow the assessment of the effects of a large array of

MP formulations on DC functiofiL32].

3.4.2. DC anttumor activity and DNA vaccines

Furthermore, DCs have been found to play a critical role irtamtor immuniy.
PLGA NPs cedelivering the poorly immunogenic melanoma antigen, tyrosinalaged
protein 2 (TRP2) and TLR 4 ligand;atyl lipid A, into mice with melanoma B16 tumors
led to induction of TRP3pecific CD8 T cell response. Cytokine analysis revetiat
these CD8 T cells were ableto secretd#N i n | ymph nodes and spl e
in the immunized mice with edelivered TRP2 and-&cyl lipid A was also the smallest
[133]. MG and DC wupt ak-sensitivie pobh ocalmigmadadtl err
shown to be more efficient than PLGA MPs, suggesting that this polymer can cause
higher transfection efficiency of the APCsdabe a more effective neriral genetic
vaccine delivery vehicle. Mice bearing tumor vaccinated with DNA vaccine delivered by
poly-b ami no est er Mhpnallertumar siz ithgnrconfrol &®L&GADRNAY s
vaccine[134]. Selfgelling alginate matrix encapsulating activated DCs, CCL21, or SIY
peptide was designed for its potential application in immunotherapy. Alginate gels
corntaining activated DCs attracted both host DCs and T cells to matkixo. In an
adoptive transfer model, gels containing SIY peptide loaded DCs primed T cell response
and recruited activated antigepecific specific T cells to the matrix. In additjiadhese
alginate gels facilitated cellular infiltration and possibly provided a milieu for efficient
DC-T cell interactions. Such strategy magyb an ef f ect i v eaccinaign t o er
node® at tumor site to direct strong immune respdiss,136]
The most recent research endeavor alsoestad consider the balance among
different DC subsets for artimor vaccine development. Macroporous polylactide
glycolide (PLG) matrices were fabricated and loaded with -G&, CpGrich

oligodeoxynucleotide (Cp®DN) and tumor lysate. These matriegsre implanted into
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subcutaneous pockets on the back of mice and were found to recruit higher ratios of
CD8" cDCs and pDCs, which are DC subsets that collaborate to enhance cross
presentation of tumor antigens in CDBCs to 1 cells and CTLs. The enhzed
populations of CD8 cDCs and pDCs are correlated with increasedldLand IFN
production, attenuation of FoxP3,es and immunosuppressive cytokines F6F a nd | L
10 and, most importantly, the decreased tumor growth and improved survival in mice
bearirg melanoma tumorgl37]. This work shows that the balance of DC subsets is
critical in the proper activation of effective immunignd that biomaterials can be used
as delivery vehicles for biologics that induce the preferential recruitment of target cell
populations. However, it is still unclear if biomaterials themselves can be manipulated to
recruit different DC subsets. Eluaitihg the effects of biomaterials on the recruitment of
desirable DC populations will allow the use of the intrinsic properties of the materials
alone without the incorporation of danger signals such as@p(S.

Biomaterials have also been manipulatednduce mucosal immune responses
using DNA vaccines. By control release of DNA using poly(ethylsmeinyl acetate),
local mucus IgA production was induced for a prolonged period of time (8 weeks) in
murine vaginal tracf138]. Other recent advances in the applications of biomaterials in
vaccine design have been summarized in an excellent rél/a9y

Taken together, biomaterials represent a great tool for vaccine development
because of their flexibility and multifunctionality. Biomaterials can be dedigoebe
loaded with biomolecules, such as TLR agonists, chemokines, siRNAs and/or antigens,
during preparation for controlled release of biomoleculbs biodegradability can be
adjusted to reduce lortgrm fibrosis around implants; the porosity of a babenial
scaffold can be manipulated to facilitate cell migration into the scaffold for antigen
uptake or response to -celivered biomolecules; and biomaterials that have intrinsic
adjuvant effects (e.g. PLGA or chitosan) on DCs can be used to controh@®tppe

and its associated immunological outcome. The biomaterial properties and their adjuvant
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effects may be correlated to provide rational design of vaccines to induce a desired

strength and type of effective immunity.

3.5. Biomaterial systems usetb study cell response

The traditional mode of biomaterials design begins with the synthesis of a new
material, followed by its characterization, and completed by the culturing of certain cells
on it. However, this process for the discovery of a suitbldematerial is slow; hence,
the adoption of combinatorial and computational approaches to biomaterials design is
desirable[140,141] First, Anderson et al. developed an impressive nansle
synthesis of biomaterial combinatorial array of different compositions and observed
distinct differentation of human embryonic stem cells on those matefixd®,143]
Second, microcontact printing and chemisorption chemistry were used to fabricate
structures with controlled topography and hydrophobilicity/hydrophilicity to study cell
behavior[144]. Although these are discrete biomaterial array systems, no defined wells
were created to separate cells. As a result, the major drawback of these systems is their
applicability b only strongly adherent cells. By contrast, continual biomaterial libraries
have also been developed. For example, Meredith et al. created a system with continual
changes of topography on glass slide with graded changes in chemical composition using
blends of poly(D,l-lactide) (PDLA) and poly@caprolactone) (PCL) by exploiting their
lower critical solution temperature phase behavior, which generated a linear,
homogeneous crystallinity (nanoscale roughness) gradient. They identified preferred
microstrudural feature sizes for UMRO06 (rat osteoblastic cell line) and MC3E3
(mouse osteoblastic cell line) cell$45,146] Similar systems were developed with
poly(L-lactic acid) (PLLA)[147] or PLLA and PDLA[148]. In addition to these
continual biomaterial systems, others have produced surfaces withdefiakd
biocompatible polymer brush nanostructures by using varying graft density of poly(2
hydroxyethyl methacrylate) (PHEMA]149,150] However, the continual nature of
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material propedy variations on a single surface renders these systems unsuitable for
loosely adherent cells such as dendritic cells.

Discrete combinatorial libraries in micfiber plate formats have also been
developed using sebacic acid and -hip-carboxyphenoxyjexane (CPH)[151],
tyrosinecontaining polyarylatefl52], polymethacrylatefl53-155], or tyrosinederived
polycarbonate§l56], the later three systems developed by Dr. Joachim Kohn at Rutgers
University.  Such systems utilize mieliter plate to create isolation between
biomaterials, and therefore are suitable for the study ofadibvierent or loosely adherent
cells such as DCs that cannot be studied using standafdaseli ELISA techniques.

The libraries of tyrosineontaining polyarylates, polymethacrylates, and polycarbonates
are of particular interest because of the extensive characterization perfornteasen
polymer surfaces and the graded variations in material properties with little changes in
chemistry [152-158]. More recently, Topochip, fabricated with polyethylene
oxide/polybutyl terephtHate (PEO/PBT) or polylactic acid (PLLA) and each composed

of 10,000 distinct topographies, has been devel@®e®]. This TopoChp system allows

for the screening of cell response to nanotopographies in ahrigighput mannerTi
substrates represent another valuable biomaterial system for studying induced DC
phenotype due to their wellefined microtopography and surface enemgg have been
shown to induce distinct responses of human ostedikastMG63 cells as well as

normal human and rat osteoblgdt80-162].
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CHAPTER 4: A HIGH -THROUGHPUT METHODOLO GY

FOR DC PHENOTYPE ASSEESSMENT*

4.1. Introduction

Biomaterals are widely used as the carriers of biologics, such as cells, nucleic
acids, and/or proteins, in combination products for tissue regeneration or vaccine
delivery. These products may evoke both a-secific inflammatory response against
the biomataal component and an adaptive immune response against the immunogenic
biologics. Furthermore, the biomaterials also play a role in modulating the host
responses due to their adjuvant or immunosuppressive effect. Obviously, the goal of
tissue engineering to minimize the host response to allow the proper functioning of the
device and its integration to the host tissue. In contrast, vaccine delivery aims to enhance
or maximize a protective immune response to the delivered antigen.

DCs have been hypothieed to be important in mediating the host response
towards immunogenic antigens-delivered with biomaterials. DCs are the most APCs
that are specialized in the uptake, transport, processing, and presentation of antigens to T
cells[41,163,164] Using PRRs expressed on DCs, t he
signal so | eads t 0[16516@ Antigated DGCs ttransiemtly enhande C s
antigen uptake but dowregulate their endocytic capacity after several h¢birs58],
accompanied by a decreased expression 4yp€ lectin, DCSIGN (DGCspecific
intercelular adhesion molecugrabbing nonintegrin), which is primarily expressed in
certain subsets of DCs, including monoegitxived DCH167].

The primary mechanism by which adjuvants enhance an adaptive immune

response is the maturation of DCs, which results in their efficient anpiggs@ntation

AAdaptedand modifiedfrom Kou PM and Babensee JE. Validation of a Higtoughput methodology to
assess the effects of biomaterials on dendritic cell phenohype Biomaterialia 6:2621-2630 (2010).
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andT cell stimulation that generate an adaptive immune response to associated antigens.
Although previous studies indicate that biomaterials commonly used in tissue engineering
and vaccine delivery can modulate DC phenof#&13]via biomaterial adjuvant effect
it was unclear which biomaterial properties caused such differential effectsder to
translate a differential biomaterial effect on DC phenotype into design rules for
biomaterials with distinct immunomodulatory effects, it is necessary to draw camslati
between biomaterial physiochemical properties and effects on resultant DC phenotype
using biomaterials with controlled graded variations in their properties in a combinatorial
array. Such correlations will serve as criteria for the biomaterial designpmbination
products to modulate the host responses.

The assessment of DC maturation in response to biomaterials typically involves
the treatment of immature DCs (iDCs) with biomaterialspdaeed in wells of a-gvell
plate to allow for a sufficientumber of cells for the assessment of DC phenotype using
immunological assays such as flow cytometry for the expression e$pecific or
maturation surface markers or allostimulatory ability in a mixed lymphocyte reaction.
Using extensive immunological sesssment assays, the effect of different biomaterials on
various aspects of DC phenotype and function have been asgg44d4di However, our
conventional method would be tinsensuming and require large quantities of reagents
for the assessment of DC responses to large libraries of polymerse, Hie® goal of this
research was to develop and validate a HTP methodology to assess DC phenotype upon
the contact with combinatorial libraries of biomaterials with graded material properties.

The culture characteristics of DCs presented a unique obelle that the DCs
are boselyadherent or nociadherent in culture; hence, a traditional -telsed Enzyme
Linked ImmunoSorbent Assays (ELISAS) could not be used due to expected cell loss
during wash steps. To enhance the efficiency in sample procemsthgubsequent
measurement, many cdlhsed assays have been processed in filter Hlaé85169]

Such plates are 9@&r 384well standaresized plates with an individual filter membrane
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welded in each well. Because the fast and simple removal of supernatants is assisted by
the application of a vaum manifold, we expectdtat the filter plates would provide a
suitable platform for the development of a HTP screening methodology for the
simultaneous quantification of maturation markers of many DC samples. By far, black
96-well filter plates have féered the most promising means to rapidly wash the cell
samples without any cell loss and offered fluorescence detectsitu. Therefore, here,

we present the validation of a-9&ll filter platebased HTP screening methodology for

DC phenotype uponidmaterial contact. Briefly, after treatment with biomaterials in a
96-well plate, the DCs are transferred to a blacknvedi filter plate and stained with anti
CD86-PE and DGspecific aniDC-SIGN-FITC monoclonal antibodies. The ratio of
CD86-PE/DGSIGN-F |1 T C, or Amatur ati on -incdemehdent O ,
parameter to represent DC maturation. The supernatants can be easily collected into a
96-well plate using a centrifuge, assayed for cytotoxicity, and stored for cytokine
profiling. Figure4-1 illustrates the experimental scheme of the conventional assessment

of DC maturation as well as the filter pldiased HTP screening methodology.
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Figure 4-1: A schematic of the conventional method and the HTP method for analyzing DC response
to biomaterials. For both of the analysis methods, DCs were derived from human peripheral blood
mononuclear cells (PBMCs) using the same procedures until day 5. On day 5, for the conventional
method, DCs were treated with biomaterials in a évell plate for 24 hours. The cells after treatment
are then collected and stained, and flow cytometry is performed to analyze troell surface marker
expression. In contrast, for the HTP method, DCs are treated with biomaterials in a 9&ell plate for
24 hours. On day 6, DCs are transferred to a 9&ell filtration plate, fixed and then stained with
anti-CD86-PE and anti-DC-SIGN-FIT C antibodies for 1 hour and washed. The relative fluorescence
intensity is subsequently measured by a Tecan Infinite F500 microplate reader. Simultaneously, the
cell culture supernatants from each well can be aspirated into a collection plate and testéar
cytotoxicity and stored for cytokine profiling using Multiplex technology.

4.2. Materials and methods

4.2.1. Derivation of immature DCs (iDCs)

Human blood was collected from donors with informed consent and heparinized
(333 U/ml blood) (Abraxis Pharaceutical Products, Schaumburg, IL) at the Student

Health Center Phlebotomy Laboratory, in accordance with the protocol (No. H05012) of
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the Institutional Review Board of Georgia Institute of Technology. Dendritic cells were
derived from human peripheralood mononuclear cells (PBMCs) using a previously
described method170] with some modifications. Briefly, the collected blood was
diluted with a 1:1 ratio in Mg- and C&'-free phosphate buffer saline {FBS;
Invitrogen, Carlsbad, CA), and peripheral blood mononuclear cells (PBMCs) were
isolated by differential centrifugatn using lymphocyte separation medium (Cellgro
MediaTech, Herndon, VA). After the lysis of erythrocytes with RBC lysing buffer (155
mM NH,CI, 10 mM KHCQ, 0.1 mM EDTA) and washing steps, PBMCs were
resuspended at a concentration 8fL8° cells/ml in DC media, which was prepared by
filter-sterilizing RPM}F1640 containing 25 mM HEPES andglutamine (Invitrogen),
supplemented with a final concentration of 10% heat inactivated fetal bovine serum (h.i.
FBS; Cellgro MediaTech, Herndon, VAAnd 100 U/ml of Penicillin/Streptomycin
(Cellgro MediaTech). The cells were plated in a volume of 10 mi/plate in a Primaria 100
3 20 mnf tissueculture dish (Becton Dickinson, Franklirmkes, NJ) and incubated for 2
hours at 95% relate humidity and 5% Cg@at 37C to select for adherent monocytes.
After this incubation, the dishes were washed three times with warm DC media to
remove noradherent cells. The remaining adherent cells were supplied with 10 ml/plate
new warm DC media, spgemented with 1000 U/ml GMCSF and 800 U/ml 14
(PeproTech, Rocky Hill, NJ), and incubated for 5 days without changing the media to
induce the differentiation of monocytes into iDCs. Immature DCs were treated with
biomaterial films in the wells of-@ell or 96well plates (the HTP methodology) with
assessment of resultant DC phenotype using flow cytometry or fluorescent plate reader,
as described in sections 4.2.3 or 4.2.4, respectively. As a part of culture characterization,
DCs were purified usingmaget i ¢ sorting based on manuf a
Biotec, Auburn, CA). Briefly, the cell population harvested on day 5 of DC culture first
underwent CD19B cell depletion (negative selection), followed by CDIXC isolation

(positive selection).The purity of DC population was approximately 95% or above.
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4.2.2. Preparation of PLGA and agarose film

Poly(DL-lactic-co-glycolic acid) (PLGA, molar ratio: 75:25, inherent viscosity:
0.70 dL/g in trichloromethane, MW = 100,000 Da; Birmingham Polynt&rsjingham,
AL) films were prepared by solvent casting without a porogen as previously reported
[113]. Briefly, PLGA was dissolve@0% w/v in dichloromethane (DCM) overnight at
room temperature and poured into arbth Teflon dish (ColdParmer, Vernon Hills, IL)
in a chemical fume hood. After evaporation of the solvent and drying to form films (48
72 hours), the PLGA films were puregth to fit into the wells of a-@ell plate or a 96
well plate, followed by three washing steps using endotbeim water (Cambrexgast
Rutherford, NJ and UV sterilization for 30 min on each side in the tissue culture hood
before iDCs were plated on themAgarose (type V, high gelling, gel strength 2of
800g/cnt at 1.0%, MW unknown; Sigma, St. Louis, MO) was prepared to form 3% wi/v
agueous solution by boiling of agarose in g@Hn a microwave until the agarose was
completely dissoled. The films were prepared by dispensing 1 ml of agarose solution
intoawellofaewel I ti ssue culture plate (Corning,
96-well tissue culture plate (Corning). The films were allowed to solidify’@tfér at
least30 min and brought back to room temperature for another 30 min in a tissue culture
hood without any further sterilization step prior to culturing iDCs on thefrhe
endotoxin content of PLGA and agarose films was measured using a chromogenic
substrate (QC-1000 LAL assay; Cambrex) and determined less than 0.I EU/mL, which
is well below the FDA limit of 0.5 EU/m[6,113] Previous study showed that a
minimum Escherichia coliendotoxin concentration of 100 EU/ml or 10 ng/ml was

required for DC maturatiofl71].
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4.2.3 Treatment of DCs ithh biomaterials in 6éwvell plates with assessment of DC

phenotype using Flow Cytometry

After 5 days of cell culture, the PLGA films were placed into the wells evalb
plate with sterilized gaskets (CeRarmer, Vernon Hills, IL) to secure the films. akgse
films were prepared as described in Section 4.2.2 directly in the wells.adN@rent and
looselyadherent cells were collected, resuspended in newanmed DC media at a
concentration of 5 10° cells/ml, and plated at the vohe of 3 ml (1.3 10° cells/well) in
each well. The cells were then supplemented with cytokines (1000 U/mC&®™ 800
U/ml IL-4). Dendritic cells were treated for 24 hours with biomaterials with known
effects on DCs (i.e., PLGAorag ose), treated with 1 ¢€g/ ml
(E. coli 055:B5; Sigma) to become mature DCs (mDCs; positive control), or left
untreated to remain iDCs (negative control). The levels of surface marker expression
were monitored after 24 hours ofomaterial treatment by flow cytometry per the
methods described previous|§l11l] and compared to the controls. The cells were
collected by centrifugation at 1100 rpm for 10 min, resuspended in 0.1 % BSA and 2 mM
EDTA in PBS, pH = 7.2 (cebtaining buffer), and stained with fluorescertpeled
antibodies CD40 (clone -B20; mouse Ig@® ) , CD86 (clonepBUG63;
(Ancell Corpaation, Bayport, MN), CD83 (clone HB15a; mouse jg&5) (| mmunot ec
Marseill e, France), C EDR)(clorfecTU1®H9 enouseBgl®;) ,1 g Ma )
HLA-DR (clone TU36; mouse lgi@ ) ( BD Bi osci enc 8E7,mouseD1lc (
1gG2s) (Miltenyi Biotec, Aubun, CA), or DGSIGN (clone 120507; mouse Iggp (R&D
Systems). The cells were stained for 1 hour°&, 4nd analyzed using a BDLSR flow
cytometer (Beckton Dickinson, San Jose, CA). Data analysis was performed using
FlowJo (Tree Star, Ashland, OR) basedthe differential shift of histograms compared
to the controls unless otherwise indicated. Timeaturation factay values were
determined by dividing the gMFIs of CD8®E by that of DESIGN-FITC. The antibody

binding capacity of CD86 expressed on DCBocells were determined by staining the
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cells with antiCD86-PE, gating the distinct DC and B cell populations on the scatter plot,
measuring the gMFIs of the populations, and comparing the gMFIs to a standard curve
created by beads with known numberGi»86 antibody binding sites (Quantum Simply

Cellula® kit; Bangs Laboratory, Fishers, IN). To quantify the percentage of DCs and B

cells or B cells and T cells in the culture system, the cells were dstated with anti

CD19APC (clone HIB19; mouse Ig@) ( BD Bi o0s c-iDE8IGNeHTC orand an
antrtCD19-APC and antiCD3-PE (clone UCHTL1; BD Biosciences). The percentage of

B cells (CD19), T cells (CD3) and DCs (DESIGN") were analyzed using FlowJo

based on the differential shift of cell populatiamshe dot plots.

4.2.4 Treatment of DCs with biomaterials in the 6 om@hl plate HTP format with

assessment of DC phenotype using Fluorescent Microplate Reader

On day 5 of DC culture, the PLGA or agarose films were prepared as described in
Section4.2.2, and iDCs (3 ml, %510 cells/ml) were plated onto each well in thavéll
plate. In the 94vell format, the PLGA films were slightly wetted on one side with
endotoxinfree water and adhered to the wells of thew@fl tissueculture plate in
triplicate, whil e agarose films were form
directly into the wells and solidified. One hundred microliters of iDGsL(B cells/ml)
was plated onto each well in the-@@ll plate,and secure adherence of the PLGA film
was checked by visual inspection. The wells for the negative control of iDCs remained
untreated and those for the positive control of mDCs were treated with LPS. The DCs
cultured in a 9éwell plate were préncubatd at room temperature for 30 min to reduce
the edge effect by minimizing thermal gradients in the edge W&l. Subsequently,
the DCs were cultured in an incubator at 95% relative humidity and 59@C&°C for
24 hours. On day 6, the DCs treated in the & | | pl ate were harveste
cell suspension was transferred to wells of av@8 black filter plate, whe# the DCs

treated in the 98vell plate were transferred directly to other wells in the same filter plate.
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The supernatants were then removed by a vacuum manifold (Millipore, Bedford, MA)

with vacuum pressure pagjustedto?4 i nHg . T o eohcolth wokiad | , 10
fixation solution (0.03 % paraformaldehyde) was added, and the plate was incubated for

at least 30 min at room temperature on a microplate shaker at 600 rpm (VWR, West
Chester, PA), followed by the removal of the fixative by the vacuumifaidn
Subsequentl vy, 100 ¢l of st ai-6D8&GRE asdall5ut i on
€ g/ mlI-DC&IGN-FITC (monoclonal antibodies as used for flow cytometry) was
added into each well containing sample to be stained. ;-R#5 (clone MOPC31C)

(Ancell) and IgGg-FITC (clone 133303) (R&D Systems) isotypwined DCs were used

for background fluorescence subtraction in separate treatment or control wells. The

pl ates were washed three times with 200,
Again, the vacuum manifold was used for each supernatant removal. The relative
fluorescence units (RFUs) were measured with a Tecan Infinite F500 microplate reader
(Tecan US, Durham, NC) using excitation filters of 535/25 and 485/20, and emission
filters of 59020 and 535/25, for PE and FITC, respectively. Because no difference in the
RFUs from the isotype controls among iDCs, mDCs, PHéated, and agaroseated

DCs was observed, only the isotype control of iDCs was used for the subtraction from the
raw daa to eliminate the background fluorescence. The ratio of backgsubichcted

CD86-PE to backgroundubtracted DESIGN-FITC from each well was detained, and

t he av e rmatuetion factal veas daléulated from the triplicate.

4.2.5. Assessmenf Biomaterialinduced Cytotoxicity

Cytotoxicity associated with biomaterial treatment was assessed by measuring the
release of cytosolic enzyme gluces@hosphate dehydrogenase (G6PD) into the media
from cells cultured in the presence or absence aibterials. G6PD is released from
damaged or dead cells, and its presence was measured using the Vybrant Cytotoxicity

Assay (Molecular Probes, Eugene, OR). The supernatants were easily collected from
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cells cultured with or without biomaterials of PLGA agarose films or from controls

from a 96well plate filter plate into a 9@vell collection plate by stacking the filter plate

on top of the collection plate and centrifuging at 2§dor 2 min. Fifty microliters of

the supernatantsewvr e assayed i mmediately according
because freezmawing the supernatants decreased the enzymatic activity substantially.
The medium from cells lysed with 0.5% Triton X served as a positive control. The
fluorescence readys were taken after 30 min incubation af@#vith excitation and

emission filters 535/25 and 590/20, respectively. This experiment was repeated 3 times.

4.2.6. Statistical analysis

Two-sided pairwise studenitést was used to compare the sample group to the
appropriate control group. To observe any significant differences between all sample
groups in pairs, pairwise general linear model of the-wway ANOVA with a mixed
model and epeated measure followed by Tukey post test was used. For all statistical
methods, the Minitab software (Version 14, State College, PA) was used. If otherwise

indicated, the fvalue equal to or less than 0.05 was considered significant.

4.3. Results
43.1. DGS| GN was a suitable marker for t he de

represents the degree of DC maturation

Biomaterials could not be cast onto the filter plates because the filter membranes
would be clogged. For this reason, the cell@asicultured on biomaterials in a regular
96-well tissueculture plate were required to be transferred to-avéb black filter plate
for staining and analysis. Hence, the cell numbers in the wells in the filter plate may vary
significantly and a cell umber normalization method was required to account for the
variations in cell number. Cell number normalization by total DNA or asp&kific

surface marker was investigated. CD86, a costimulatory molecule, was used as the
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maturation marker because of itigh expression level and its large fold change upon DC
maturation, including upon biomaterial treatmghil1]

The conventional method was used to derive iDCs and mDCs, and the DC culture
was previously determined to primarily consist of DCs and lymphocytes by day 5 and
day 6[173], and O 90% of the | ymphBPawlsbaseal ower e
dual antibody staining for CDJ cells and CD19B cells. The same dulre system was
used in this study. It was determined that the DCeB ratios and B cell percentages
changed significantly between iDCs and mDCs, and the B cell content varied
significantly among different donorgrifure 4-2). Such variations could introduce
substantial noise in the analysis of the DC maturation results. To eliminate the variability
in the cell population ratios in the culture system, DCs \pardied by magnetic sorting
on day 5 prior to the LPS treatment. However, the purified DCs were significantly less
responsive to the LPS treatment than the unpurified populakmuré 4-3); hence
purified DCs could not be used for treatment with biomaterials. B cells were necessary in
the culture system to achieve full responsiveness of DCs, possibly due to the profile of
cytokines and natural antidies produced by B cells even in the absence of support from
T cells in the culture systefd74-176]. A potential issue with B cell presence in the
culture system is that they can also express the maturation marker, [CDB6
However, it was determined that the B cells in this culture system expressed very low
CD86 compared to the DCs. Although appnoately 9.4% and 7.3% of B cells were
CDS86' in the iDC culture and mDC culture, respectively, the contribution of CD86 from
B cells was less than 5% of the CD86 that is expressed on iDCs and less than 2% on
mDCs §igure 4-4). Furthermore, no DNA stain was found to be compatible with the
filter plate assay, primarily due to their broad excitation and emission spectra and the
strong background fluorescengenerated by the possible binding of the stain to the filter
membrane. Consequently, the strategy of data normalization by total DNA was not

further pursued.
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Figure 4-2: B-cell percentage in the iDC andnDC cultures by flow cytometric analysis. The B cell
percentages in the DC culture are shown with mean £ SEM, n=6 different donors. *: p<0.05 and
represents statistical difference between iDCs and mDCs.
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Figure 4-3: Dendritic cells purified by magnetic sorting were less responsive to LPS stimulation in
comparison to unpurified counterparts. On day 5 of DC culture, DCs were magnetically isolated by
removing CD19" B cells and then positiely selecting CD1¢& DCs, treated with LPS for mDCs or left
untreated for iDCs. These purified DCs were analyzed for surface marker expression after 24 hrs
and compared to the unpurified counterparts with mean + range, n=2 donors.

CD1c was initially conglered as a normalization factor because some studies
reported that CD1c expression only slightly increased during DC matufafi@hand
because previously we observed negligible levels of CD1c expression on B cells in the
culture system making it specific for DCs (data not shown). However, here CD1c
expression increased significantly upon DC maturatteguie4-5). This may offset the

increase in CD86 expression, if used as a normalization factor, which is undesirable.

That is, when CD1c increases upon maturation along with 6CDBe ratio of
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CD86/CD1c may show no difference compared to iDCs. As a result, CD1c was not

suitable as a normalization factor.
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Figure 4-4: CD86 expression on DCs and lymphocytes in the culture systenthe antibody binding
capacity of CD86 on DCs and B cells was measured by comparing the gMFIs of CD86 expression to a
stardard curve created by beads that bound unknown number of antibodies using the BD FACSDiva
software with mean £ SEM, n=6 donors. *: p8.05, lower than mDCs and higher than lymphocytes;

#: p<0.05, higher than iDCs and lymphocytes.
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Figure 4-5: Dendritic cell expression of CD1c and DESIGN by flow cytometric analysis. The fold
change of geometric mean fluorescence intensity (gMFI) for mDCs was compared to iDCs among
donors with mean + SEM, n=6 donors. #: p<0.05, compared to iDCs and higherath iDCs; +:
p<0.05, compared to iDCs and lower than iDCs.

As an alternative marker for DC phenotypetyPe lectin DCSIGN was then
examined for its applicability as a normalization factor in the HTP assay. Consistent with

the literaturd167], DC-SIGN expression level was lowered upon DC maturatogufe
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4-5). Furthermore, DESIGN is only expressed by DCs in the culture system, and the
ratio of CD86/DCSIGN was DC numbendependent in the assay. Therefore,-DC
SIGN was used in the definition ématuration factay, the ratio of CD86/DESIGN, to

represent DC maturation.

4.3.2. Equivalent assessment of biomaterial effects on dendritic cells were observed

validating the filterplate method

To validate the 94avell filter platebased method as fas DC treatment with
biomaterials in the 9@vell plate format and analysis of levels of CD86 and-8IGN
expression using the fluorescent plate reader, a biomaterial study using biomaterials with
known effects on DCs phenotype, namely, PLGA or agaross,fivas conducted. The
results inFigure4-6A showed thatta t r end f or the f ol dofchange
the cell samples, whether treatedhaMiomaterials in a 9@vell or a 6well tissueculture
plate, were similar; hence, the use of avg#l format for biomaterial treatment on DCs
was appropriate. In addition, the samples from tinee plate were analyzed by the-96
well filter plate format using the fluorescence plate reader or by the conventional flow
cytometric analysis to yield similar trends, further confirming previous re@it$1], in
which PLGA films induced DC maturation, but agarose films did not. The flow
cytometric analysis of other maturation markers such as CDB80CCD83, CD86,
HLA-DQ, and HLADR also confirmed differential DC maturation in response to
different biomaterials treated using thevéll format (shown for CD86 ifrigure 4-6B;
data for other markers were similar to previously published rd&lijts Collectively, this
experimat validated the filter plate approach for assessing DC phenotype upon
biomaterial contact. Furthermore, in such experimental setup, the signal/background
(S/B) and signal/noise (S/N) ratios for FITC ranged from 2.3 to 3.3 and from 52.3 to

71.7, respectily. The corresponding ratios for PE ranged from 3.5 to 8.8 and from 53.2
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to 113.8. Because of the large S/N ratios, signals could easily be distinguished from the

background.
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Figure 4-6: Validation of the HTP methodology for assessing DC responses to biomaterials. A)

Treat ment/ control ratios of 6 maSIQNy fartDCotreatetl witht or 6 ( d
biomaterials or controls in the 6well format and analyzed by flow cytometry(set of black bars), in

the 6-well format and analyzed by fluorescent plate reader (set of grey bars), and in the 9¢ll

format and analyzed by fluorescent plate reader (set of white barsB) Treatment/control ratios of

CD86 expression for DCs treated ath analyzed using the conventional format of @vell plates and

flow cytometry for DCs treated with biomaterials or controls. Mean+SEM; n=8 (6 donors). *:

p<0.05, statistically different from iDCs and higher than iDCs. Brackets: p<0.05, statistically

diff erent between two biomaterial treatments or between biomaterial treatment and mDCs.

The use of filter plate puts biomatertedated DCs in contact with the filter
membrane (another material) and therefore fixation of DCs is required to prevent any DC
maturation effects due to the filter membrane. Therefore, one issue was whether the level
of surface molecule expression detected would be equivalent on the DCs with and
without prior fixation. Another issue was whether paraformaldehyde fixation in the filt
plate would cause undesired cell bonding to the filter membrane, thereby affecting
subsequent surface marker staining. To address the first issue, it was demonstrated that
the levels of CD86, DE&IGN, and CD1c expression detected by flow cytometry were
equivalent for DCs with and without fixation in an Eppendorf tube prior to staining with

the monoclonal antibodiesFigure 4-7). Furthermore, to addss the second issue,
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equivalent levels of these markers were determined by flow cytometry for DCs fixed and
stained in filter plate as compared to DCs stained in Eppendorf tubes without fixation

(Figure4-7).
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Figure 4-7: GMFIs of cells fixed and stained with 3 different schemes and compared to controls. Std:
unfixed cells wee stained in Eppendorf tubes, which is the conventional staining method. Std + fix:
cells were fixed and then stained in Eppendorf tubes. FP: unfixed cells were stained in filter plate.
FP + fix: cells were fixed and stained in filter plate. NoATC + fix: cells were fixed in a 96well non-
tissueculture-treated polystyrene plate and then transferred to a 96vell filter plate for staining. All
the cell samples were collected and gMFIs determined by flow cytometry. Three experiments with
different donors were performed. Fold changes of surface markers are shown with meantSEM. No
statistical significance was determined among fixation and staining schemes.

4.3.3. Biomaterialnduced cytotoxicity

After 24 hr of treatment with biomaterials, cslipernatants were collected and
assayed for the release of G6PD into the medium. DCs treatment with PLGA films was
found to induce higher levels of released G6PD into the media as compared to iDC
(Figure 4-8). This result is consistent with previous result in which DCs treated with
PLGA induced higher annexin V staining than iDC but not mDC or agarose films (J. Park
and J E. Babensee, unpublidhebservation). As expected, the lysed iDC and mDC
samples induced very high G6PD release, and the fluorescence signal was saturated

(Figure4-8).
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Figure 4-8: Effect of PLGA and agarose on DC glucosé-phosphate dehydrogenase (G6PD) release.
Dendritic cells were cultured with or without biomaterials PLGA or agarose films in a 9éwell format
for 24 h. The supernatants were collected into a 9@&ell plate by centrifugation at 25¢ g for 2 min
and then measured for G6PD release using th&ybrant Cytotoxicity Assay at 37°C. The
fluorescence was measured at 30 min using a Tecan Infinite 500 microplate readbtrean+SEM; n
=3. *: p<0.05 higher than all the treatment groups; #: p<0.05 higher than iDC and mDC.

4.4. Discussion

A 96-well filter platebased HTP methodology $ideen optimized and validated
for the assessment of DC responses to biomaterials. In this methodology, after treatment
with biomaterials, DCs were transferred to a blackw@d filter plate, supernatant
collected for analysis of soluble mediators/intlica of cell viability and remnant cells
analyzed for mauation factar, CDB6/MISIGN,usng & fluorescent
plate reader. Using this methodology, DC responses to the biomaterials, PLGA or
agarose films, were consistent with resultsaot#d using conventional flow cytometry
analysis. Specifically, DCs treated with biomaterials in av88 or a 6well tissue
culture plate format yielded similar trends of maturation; therefore;\v@efiormat was
appropriate for DC treatment with biaterials. In addition, the DC samples from the 6
well plate (conventional method) were analyzed in av@8 filter plate format using the
fluorescence plate reader or by the standard flow cytometric analysis and yielded similar
trends, further confirmingrevious results, in which PLGA films induced DC maturation

but agarose films did not. Analysis of biomateifaluced DC cytotoxicity by measuring
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release of G6PD into supernatants by damaged cells showed that-tRigBdl DCs
showed higher annexin Vahing than iDCs consistent with independent experiments (J.
Park and J.E. Babensee, unpublished observations). Since unstainedrea®é DCs
showed similar autofluorescence as iDCs, the observed Rb@A&ed maturation and

the resulting higher fluoresnce signal were not due to the autofluorescence from
apoptotic DCs or associated apoptotic bodies. DC culture media supernatants can also be
stored for cytokine profiling experiments using Multiplex technology.

The HTP methodology developed herein cffeseveral benefits for analyzing
nonradherent or looselgdherent DC responses to biomaterials as compared to other
approaches. Although flow cytometry is a powerful analytical tool, both sample
preparation and data analysis are tito@asuming, especiallwhen a large number of
samples are analyzed. Automated sample loaders fareB6plate or tubes for flow
cytometry are available commercially (e.g. Guava Technologies) to address this issue, but
these systems are usually very expensive, poorly acaegsibhost laboratories, and
have long sampling times (approximately 1.5 to 2 hours for automated sampling a 96
well plate) for a large number of samples. The latter characteristic is prohibitive for
living cells (particularly responsive leukocytes). Altlgh highthroughput biomaterial
arrays exist for cell studies such as the naneditate biomaterial combinatorial arrays
developed by Anderson et §l42,143] these arrays are only applicable for adherent cell
types and the cellular response to biomaterial differences was measured by immuno
detection or ELISAbased methods which was possible because the cells were localized
to afispod. For DCs used herein, a filter pldiased method was necessary instead of a
traditional cellbased ELISA due to th@dselyadherent or noadherent nature ohé
cells, which would result in expected cell loss during washing steps using centrifugation
and aspiration in a regular microplate during the ELISA analysis. Furthermore,
supernatant collection from a regular microplate is t0mesuming and inaccurateelto

the aspiration of supernatant from individual well with a pipette, while supernatants from
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all the samples in a filter plate can be simultaneously collected into a collection plate
without any cells being collectedAn efficient means of defining bimaterialfihitso in a
combinatorial library of test polymers can be defined herein for this HTP methodology as
a significant (p<0.05) increase or decrease in the value ofitlaguration factar as
compared to iDCs. Furthermore, the S/N and S/B ratios sudficient for the analysis.

There werghowever complexities in the development of this HTP methodology
for the analysis of DC responses to biomaterials which required attention. The first
complexity was the nehomogeneous cellular population igresence of B cells. As
such, total DNA could not be used to normalize the fluorescent signal which was further
justified by the vastly varied DC:Bell ratios in the culture and the lack of a compatible
DNA stain. To consider whether DC responses tonbiterials could be assessed using
purified DCs (no B cells) which would clearly make analysis easier, resident B cells in
the culture were removed using positive selection and subsequent negative selection of
DCs by magnetic sorting. However, the pusfion of DCs significantly decreased their
responsiveness to LPS, which may be explained by the important role of B cells in
modulating DC maturation and function, possibly due to the release of cytokines or
natural antibodies from B cells (even in the etz of T cells) in the culture system
[175]. Although the results herein appear to be contrary to some reports that purified
DCsrespond well to LPS, it is important to note that the response of purified DCs may be
highly dependent on the purification protocol. For example, Jefford et al. reported that
DCs differentiated from purified CDI4nonocytes or from CDIeripheral bloodCs
responded very differently to maturation stim{ili’9]. Therefore, the DC types and
culture methods should be considered fortipalar clinical applications. DCs
differentiated from purified CDI4monocytes or from CDZIeripheral blood DCs, or
from CD34 cells from cord blood180], are the most commonly employed purified DC
types. Herein, iDCs were purified (removal of resident B cells) on day 5 of culture after

iDCs differentiation had been fully completed. Purifying iDCs at this later stage, rather

46



than performing the purification step at the beginning of the culture for precursor cells,
may render the purified iDCs less responsive to maturation stimuli. The DC culture
system in this study represents one of the most widely used andhaedicterizedC
culture system§l73], and without the DC purification step, less stress is exerted on the
sensitive DCs.

The second complexitwas that given that the presence of B cells in the DC
culture can be beneficial for DC function (as presented below) their contribution to the
measured CD86 level needed to be minimal to none (as compared to the DCs). B cells
were found to release cytaid(s) (e.g. IE16) and natural antibodies (e.g. CDeactive
natural antibody) (in the absence of T cells) that aid in monatsieed DC migration,
differentiation, and maturatigi74,176] indicating that B cells can support DC function
without T cell activation. Furthermore, the presence ot in the culture system may
better represent the physiological multicellular host response to biomatena® and
presumably provides insight into how DCs specifically respond to biomaterials. For the
DC cul ture system u spesentbver tkough theirMultsres statr e n
with a common monocytic precurs{i73], due to the presence of the cytokinediL
whichiduces DC differentiat i on[l8kJu fThus| thdrei bi t s
would be no contri but i onnlévelihisMudg Of note,t he C
the B cells in our culture system expressed only less than 5% of the CD86 that is
expressed on iDCs and less than 2% on mDCs. Thus, the B cells in the culture negligibly
contributed to the CD86 fluorescence signal. Initamid previous research indicated that
DCs are much more potent in stimulating T cells compared with B ¢E82].

Therefore, te presence of B cells is not expected to confound the analysis of DC
maturation in this assay. Results presented here indicated that although 9.4% and 7.3% B
cells were CD8bin the iDC and mDC culture, respectively, B cells expressed minimal
level of CD& as compared to DCs. In addition, the expression of CD86 on B cells in the

iDC and mDC culture was not different. On the contrary, blood peripheral B cells have
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been widely reported to express CD86 at low level (7% C@8@otal B cells) in the
resting population and at high level (30.3% CD&#6 total B cells) in the activated
population[177]. In addition, B cells have also been reported to upregulate their CD86
expression in response to LPS stimulatj®83]. Human B cellsare often isolated by
FACS cell sorting or magnetic isolation, and then cultured in complete medium as used
for DCs in the study herein but without the cytokinestiand GMCSF[174]. As such,
although 11-:4 induces CD86 expression on tonsillar B cgll84], presumably the
presence of GMCSF results in the low CD86 expression on B lymphocytes and their
unresponsiveness to LPS in the DC culture system herein. Howevehysidke
comparison of CD86 expression by DCs and B cells has not been reported in the
literature.

Given that total DNA was not a suitable normalization factor for CD86 expression
the third complexity was identifying a suitable normalization marker. Of the possible
choices, CD1c functions to initiate adaptive immune responses against sedfrabial
lipid antigens[185-187] and is a characteristic of human DC populatifh®8]. In
addition to DC populations, CD1c has been reported to be expressed on subsets of B cells
[188]. Nonetheless, results here showed onlydigible level of expression of CD1c on
B cells as compared to DCs (data not shown). Furthermore, some studies reported that
CD1c expression only slightly increased during DC maturdti@®] and therefore was
initially considered as a normalization factor. However, our results showed that CD1c
expression increased significantly upon DC maturatkigufe 4-5), which may offset
the increase in CD86 expression. Therefore, CD1c was not suitable as a normalization
factor.

Another possible normalization factor considered was thespecific cell surface
molecule, Ctype lectin DCGSIGN. DGSIGN is a DGspecific adhesion and endocytic
receptor[189] that is hidlly expressed on immature human monoageved DCs

[50,167] Ideally, an invariant DC marker that is Bpecific and does not change upon
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DC maturation would be preferred as a normalization factor. However, since no such
markerwasd und, we def i nmadratibrhfactoop@ur ratioret ousingf
DC-SIGN were the following: 1) DE&IGN is expressed on only the monoegiezived

DCs used in our system; therefore, the fluorescent signal measured is specific to the DCs
in our culture; 2) The nature that E&RIGN downregulates upon DC matuian [167]

causes the ratio of CD86/DEIGN to further increase, which may in fact give rise to a
more sensitive assay for the asswent of DC maturation; 3) If a biomaterial changes
DC-SIGN expression significantly while keeping CD86 expression unaltesedh
materi al a | hétin(a fhlse pasitive m tha coriext of CD86 expression) and
may be further studied due to the importance ofEIGN in immunity. Thus, DESIGN

serves as an additional marker for DC response to stimuli and was selected for defining
the DC numbeindependenparametei fimaturation factog CD86/DGSIGN.

To our knowledge, this is the first report describing a microliter fdased HTP
analysis of DC maturation which takes into account the-adirerent nature of these
cells, the inherent heterogeneity ofsticulture, and the sensitivity of these cellkable
4-1 compares the HTP filter plate and the flow cytometric methods. The HWRD6
plate formais superior to the-@vell format because it offers a number of advantages: 1)
it provides much higher throughput in the assessment of DC response to biomaterials
within the same experimental time frame; 2) this format allows for the simple collection
of cell culture supernatants from the DC samples and their storage for multiple cytokine
profiling using Multiplex technology; 3) the HTP assay significantly reduces the quantity
of biomaterial samples and the time for sample preparation and measuregaia 4
acquisition requires a microplate reader, which is much less expensive and easier to
maintain than a flow cytometer. However, the HTP assay also has a few obvious
disadvantages: 1) it only provides an average maturation signal from the welk laut no
distribution or histogram of the cells (more precisely, the events) provided by flow

cytometry, so it is impossible to deduce the population or percentage of DCs that are
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actually affected by the presence of the biomaterials; 2) the HTP assay réigligs
expressed and movable markers, while flow cytometer can measure markers of much
lower expression level. Despite these disadvantages, the value of the HTP assay lies in
its ability to allow for the screening of a large number of biomaterials inmdicatorial
biomaterial array. The biomaterighitso can be selected and their effects on DCs can
then be further probed using conventional assays such as flow cytometry, mixed
lymphocyte reactions, endocytosis assay, cytokine profiling, which haveulsednand

continue to be used to analyze DC responses to biomaférd9)]

Table 4-1: The comparison between the conventional flow cytometric method and the filter plate
based HTP method.

Flow Cytometry Filter Plate
Plate format 6-well plate 96-well plate
Fixation step No generally Yes

Equipment Flow cytometer Microplate reader

Experimental time 3 hours (1 hr incubation) 2.57 3 hours (1.5 hr incubation) for 3
plates

# of materials 5 Up to 279 (or 135 if duplicate) in 3 plateq

Size ofbiomaterial in 9.5 cnf 0.32 cmd

well

Data acquisition time 307 60 min 307 60 second per plate, 2 fluorophores

Data Expression of 6 surface marke| A ratio from the average expression of &

with histograms and dot plots

limited set of surface markers

Marker expression level

Very low to high (for markers

Relatively high and movable (appropriat

with any expression level) for markers with high expression level al

huge fold change upon response)

The discovery of compounds for new drugs has been di@ityatchanged with
the advent of combinatory chemistf¥91]. Similarly, combinatorial arrays of well
controlled and characteridebiomaterials are expected to enable the discovery of
biomaterials that alter cell behavior. A number of studies have used combinatorial
libraries to study cellular response to biomaterial properties. For example, Anderson et
al. developed an impressivanoliterscale synthesis of biomaterial combinatorial array
of different compositions and observed distinct differentiation of human embryonic stem

cells (hESCs) on those materidis42,143] Meredith et al. created a system with
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continual changes of topography on glass slide using blends obgloligctide) (PDLA)

and poly(Icaprolactone) (PCL) and identified preferred microstructural feature sizes for
the attachment, spreading, and proliferation of UMR (rat osteoblastic cell line) and
MC3T3-E1 (mouse osteoblastic cell line) cellst5,146] Mei et al. created surfaces
with well-defined biocompatible polymer brush nanostructures by using varying graft
density of poly(2hydroxyethyl methacrylate) (PHEMA) and showed decreased fibroblast
spreading and attachment with increased grafting derj$#49]. Brocchini et al.
developed a polyarylateased combinatorial array and showed that fibroblast
proliferation was more sensitive to chemical structure than contact §h§i.
However, most of these studies investigated basic cell functions such as adhesion or
proliferation to weHldefined combinatdal polymer libraries with the exception that
Andersondés system investigated biomateri al
Furthermore, none of these HTP systems allow for the screening of loosetpn
adherent cells. In contrast, the HTP gsdaveloped and validated herein will be used to
study the maturation of a highly sensitive and loosahd noradherent cell type, DCs.
More importantly, correlations between DC phenotype and material properties can be
drawn from the HTP assays using lmeharacterized combinatorial arrays. Such
correlations are highly advantageous due to their potential as a guide for
immunomodulatory biomaterial design for both tissue engineering and vaccine delivery
applications. Clearly, thorough characterizatidnttee members in the combinatorial
array is important in the derivation of such correlations. However, very few good HTP
methodologies exist for polymer characterizatj@d0]. As a result, the number of
polymers in a weicharacterized combinatorial array may be tens to a few hundred,
which is well within the capability of the 9&ell platebased methodology developed
and validatedn this study. Importantly, the success in such a HTP assay relies heavily
on the sensitivity of the microplate reader. As a final note, the sensitivity of this

methodology may potentially be further improved by using {iesolved fluorescence or
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miniaturized to a 384wvell format with properly optimized conditions and fluorescent

dyes to accommodate a larger combinatorial biomaterial library.
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CHAPTER 5: DENDRITIC CELL RESPO NSES TO
SURFACE PROPERTIES OF CLINICAL TITANIUM

SURFACEY

5.1. Introduction

As the most pant APCs,DCs are central in bridging the innate and adaptive
immunity. They are not only critical in mediating T cell polarization for effective
immune responsg58,192,193] but also pivotal in immunological seiblerance by
actively inducing the formation of-cells[77]. In addition, DCs are also key players
in osteoimmunology. In particular, DCs have been identified in the synovial tissue and
synovial fluid of joints in rheumatoid arthritis (RA) patiefi®4,195]and have been
implicated in inflammatiofinduced osteoclastogenesis and bone [©86]. Human or
mouse activated CDA4T cells induced by environmental stimuli were shown te up
regulate suacebound and soluble receptor activator of-BlIB | i gand ( RANKL) ,
is a prime regulator of osteoclast differentiation and activgtl®7]. The ligation of
RANKL to its receptor, RANK, on osteoclast precursors resulted in inflammation
induced bone loss in diseases such as RA and period¢b®#£01]. Therefore, upon
inflammation, DCs can become mature and initiate T cell activation, which in turn
promotes the differentiation and survival of osteoclasts.

Biomaterials commonly used in combination products were previously stoown
differentially affect DC phenotypi@ vitro [5,6], and their effects could be translatedinto
vivo situations[3,202] These studies demonstrated that biomaterials can be used to
control the DC phenotype, thereby potentially modulating associated/o immune

responses. This potential of biomaterials to affect host response camipellatad to

¥ Adapted and modified from Kou PM, Schwartz Z, Boyan BD, Babensee JE. Dendritic cell responses to
surface properties of clinical titanium substrafesta Biomaterialia 7:13541363(2011)
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either suppress immune responses induced by a-&sgjieeered construct, or enhance
the protective immunity induced by a biomatebaked vaccine. Elucidatioof the
biomaterial properties that control DC phenotype are expected to infomuno
modulatory biomaterial desigrHowever, due to the limitations of the biomaterials used
in the previous studies, it was unclear which biomaterial properties determined distinct
responses. In order to delineate material propP@y phenotype relatiwships, a well
defined biomaterial system with detailed material characterization is needed.

In this study, clinical titanium (Ti) surfaces commercially available, including PT,
SLA and modSLA, for dental implants were used to 1) analyze DC respons¢etiaina
properties and 2) determine the possible immunological outcomes induced by the
different Ti substrates, using DC phenotype as an indicator of inflammatory response.
These surfaces have been prepared to possess distinct microtopography and surface
energy. PT substrates were chemically polished to have a smooth finish; SLA surfaces
were prepared by sasmlasting and acidtching of the PT surfaces for increased
roughness; modSLA surfaces had the same roughness as SLA, but were protected from
contamiration by hydrocarbons and carbonates naturally occurring in the atmosphere to
maintain its high surface energy. The surface material properties of these Ti substrates
have been extensively characterized and were shown to induce distinct responses of
human osteoblastike MG63 cells, as well as normal human and rat osteoblasts
[160,161,203] The osteoblastic differentiation of MG63 cells was enhanced on rougher
Ti surfaces such as SLA, and such differentiation was sensitive to both micron and
submicron surface structur§&04,205] Futhermore, superior to PT or SLA, modSLA
substrates promoted enhanced differentiation of osteoblasts and production of local
osteogenic factors such as prostaglandifHFGE), transforming growth factor beth
(TGFb 1) and osteocal cisurface energyiandastiriace goughness t h i
synergistically support an osteogenic microenvironnj@60]. In addition, modSLA

implants significantly increased bet@implant contact in miniature pigs as compared to
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SLA surfaceqg206] and more rapid pefmplant bone formation in humar207,208]
consistent with then vitro enhancement of osteoblast differentiation on modSLA
surfaces.

PT, SLA and modSLA surfaces were used to treat DCs and resulted in differential
phenotype, which was then covariedthe surface properties of the Ti substrates, using
principal component analysis (PCA). Furthermore, the overall results indicated that
modSLA may promote a more immature phenotype of DCs, which isndlathmatory,
thereby potentially supporting ostdast differentiation by suppressing local

inflammation.

5.2. Materials and Methods
5.2.1. Ti substrates

Ti disks were prepared fromrhm thick sheets of grade 2 unalloyed Ti (ASTM
F67; AUnal l oyed titanium for Ti for surgic
by Institut Straumann AG (Basel, Switzerland). The Ti disks were punched to be 15 mm
in diameter for snug fit in the wells of 24ell tissue culture polystyrene (TCPS) plates
(Costar) (Corning, Corning, NY). The methods used to produce the PT, SLA and
mModSLA Ti substrates were previously descrilpe6i0,209] The surface properties of
the Ti substrates were previously extensively chareetd and are summarized in Table
1 for airwater contact angle, megqeakto-valley roughness (f and surface chemical

composition161,210]

5.2.2. Human dendritic cell culture

Human DC culture was performed in the same manner as in Section 4.2.1. in
accordance with an updated protocol HIDQ4f the Institutional Review Board of

Georgia Institute of Technology.
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5.2.3. Exposure of DCs to Ti substrates

On day 5 of culture, loosely adherent and -adherent cells containing iDCs
were harvested and resuspended in DC media with 1000 U/mCS&Mand 800 U/ml
IL-4 at 5 10° DCs/ml. One milliliter of cell suspension(&0°> DCs) was plated on Ti
disks in the wells of a 2dvell plate, treated with 1 pg/ml LPS for the positive control of
mDCs, or left untreatesh TCPS plates for the negative control of iDCs. Differentially
treated DCs were collected after 24 h for analysis. The locosehonadherent fraction
was collected by gentle pipetting of the cell suspension from the tissue culture plates.
The cellculture supernatants were collected after centrifugation of the cell suspension at
1100 rpm for 10 min and stored-20°C until cytokine analysis. To remove the adherent
fraction, 0.5 ml warm cell dissociation buffer (Sigma) was added into each well and
incubated at 37°C for 20 min. The plate was gently tapped against thetbprfoh 30
times every 5 min to dislodge adherent cells. The cell number of both fractions was

quantified using a Multisiz& 3 Coulter Counter (Beckman Coulter, Brea, CA).

5.2.4. Flow cytometry for surface marker expression

After 24 h exposure to Ti substrates, DCs were harvested and analyzed for surface
expression of DC maturatiesssociated markers, including CD83, CD86, and HR@,
whose levels are upegulated upon DC ntaration. CD83 is a DC maturation marker;
CD86 is a cestimulatory molecule; HLADQ is a major histocompatibility (MHC) class
Il molecule. Twelve independent experiments were performed using DCs each derived
from a different donor. The levels of surfavarker expression were monitored by flow
cytometry using previously described methd@41]. The c#s were collected by
centrifugation at 1100 rpm for 10 min, resuspended instalhing buffer (0.1% BSA
and 2 mM EDTA in BPBS, pH 7.2), and stained with fluoresceddlgeled antibodies,

including CD83 (clone HB15a; mouse Igfs (Immunotech, MarseilleFrance), CD86

(clone BU63; mouse Ig®B ) (Ancel |l Corporati eDQ,(cloBeayport
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TU169; mouse lgge ) ( BD Bi osci ences, San Jose, CA)

min at 4°C, and analyzed using a BD LSR Il flow cytometer (Beckton DickirSan,

Jose, CA). Data analysis was performed using FlowJo (Tree Star, Ashland, OR).

5.2.5. Scanning electron microscopy (SEM) of adherent DCs

DCs were cultured on the Ti disks in ad2ll TCPS plate to ensure easy removal
of the disks during SEM samplereparation. After 24 h of culture, the disks were
washed three times with warmEBS to remove the newr looselyadherent cells. The

cells/Ti samples were fixed with 1 ml 3.5% EM grade glutaraldehyde (Sigma) with 2%

(w/v) tannic acid (Sigma) in 0.1 Mor ensono6s p hé&adferhoxdarnght.b u f f

The cells were washed three times witlbh®fer and were podixed with 0.5 ml 1%
osmium tetroxide (Osg)Sigma) in Pbuffer for 1 h to impart partial conductivifg12].

After three washes, the cells were treated with 1 ml 2% (w/v) agueous tannic acid for 1 h
(to preserve the fine structures of cellsd aid in the subsequent Qs@duction at its
binding sites). After three washes, the cells were-foosti again with 0.5 ml 1% OsO

in P-buffer for 1 h. The cells were then dehydrated in a sequential series of increasing
concentrations of acetone: %5 30%, 45%, 75%, 90%, and 100% acetone for 30 min at
each concentration. Subsequently, the samples were dried in an E3000 Critical Point
Dryer (Quorum Technologies, Guelph, Ontario, Canada) and sputter coated with a thin
layer (~5 nm) of gold (Polaron 8fter Coater SC7640; Quorum Technologies). The

micrographs were collected using Hitach8@0 scanning electron microscope.

5.2.6. Multiplex cytokine profiling

The supernatants collected from the cell culture medium in the presence of Ti
substrates ocontrols were stored aR0°C and were thawed only once for multiplex
cytokine analysis. The levels of cytokines and chemokines in the cell culture

supernatants were measured using -BEx suspension array systems (Rad,
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Hercules, CA) asperthemaau€ t ur er 6 s protocol . Briefly,
antibodies for the target analytes were mixed and transferred tewelR6lter plate

(Millipore, Billerica, MA). Supernatant samples were added to the wells for 30 min
incubation. After the dads were washed three times in the filter plate using a vacuum
manifold (Pall Life Science, Ann Arbor, MI), the beads were incubated with biotinylated
detection antibodies for 30 min. After another three washes, the beads were incubated
with streptavidiaPE for 10 min. After three final washes, the beads were analyzed using

a Bio-Plex 200 instrument with Bi®lex Manager 4.0 software. Through 12 independent
experiments each with a different donorpléx cytokine analysis was performed for

TNF-U  (-ipflanematory), ILl-1ra, IL-10 (antiinflammatory), and MIPLU ( chemo ki ne
The production of these cytokines was normalized by the cell number in the well.
Because normalization did not affect the results in Hpde® analysis, a wider panel of
cytokines ad chemokines [prinflammatory cytokines (It1 b , -12p70, 1L-15, I1L-18

and TNFU) , -inflammatory cytokines (It1ra and 1l-10), a pleiotropic cytokine (K

16), and chemokines (18, MCR1, and MIR1 U) ] wer e analyzed [

experiment with thredifferent donors but were not normalized by the cell number.

5.2.7. Statistical analysis

To observe any significant differences between all sample groups in pairs, a pair
wise general linear model of the tmay ANOVA with a mixed model followed by
Tukey post test was used. For all statistical methods, the Minitab software (Version 14,
State College, PA) was used, and theafue equal to or less than 0.05 was considered

significant.

5.2.8. Principal component analysis (PCA)

PCA was performed to alyae the phenotype and Ti substrate property data and

to draw correlations between DC response and material properties. PCA allows for the
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simultaneous analysis of the original large set of variables by reducing the number of
dimensions to a few principabmponents (PCs). This is achieved by finding new axes

to represent dimensions with maximal variability and highlight the global covariance
patterns of the variables. Typically, only two to three axes (PCs) are sufficient to capture
most information fran the data[213]. The phenotype variables included levels of
surface markers, CD83, CD86 and HIDQ, and cytokine production of TNB , -1da,L

IL-10 and MIRL U ; the materi al p r o pvatertcontact anglear i a b |
surface roughness and surface chemical composition, % C, O, N and Ti. The
measurements from the experiments with twelve domneere organized into a data
matrix, to which the PCA algorithm was applied to extract the latent correlations among
the variables. All data were ppeocessed by log transformation, mean centering and
unit-variance scaling214]. Log transformation ensured Gaussian distributions of data,
while mean centering and uviariance scaling allowed the varcas of different
variables to have equal chances of being projected onto thE2P&}s Despite the large
variances, all data points were included, and the variances were accepted as natural
variations of human primary immune cell responses.

Two PCAs were performed using different sets of variables for extracting
different information fom the multidimensional data. The first analysis aimed to
determine the overall effects of PT, SLA and modSLA on DC phenotype relative to the
controls. Average values of the phenotype variables and all of the five treatments,
including PT, SLA, modSLATCPS and TCPS + LPS, were organized into a data matrix.
The phenotype variables were organized in the columns of the matrix and the treatments
in the rows of the matrixFigure 5-7A). The objective of the second analysis was to
draw correlations between material properties of Ti substrates and DC phenotype. For
this analysis, individual values of the phenotype variables from the three biomaterial
treatments (PT, SLA and modSLA) were used. The material properties were also

included in this data matrix. The phenotype variables and the material properties were
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organized in the columns and the treatments from each donor in the rows of the matrix
(Figure5-8A). PCA was performed using the software SIMCA P+ (Umetiaimo,

Sweden).

5.3. Results

5.3.1. The expression of DC maturatassociatednarkers was substratkependent

As shown inFigure5-1, PT- and SLAtreated DCs both expressed higher CD86
levels as compared to the TGR8ated iDCcontrol; however, no difference was found
between PT and SLA treatments for CD86 expression in DCs. In contrast, modSLA
treated DCs expressed CD86 at a level similar to the iDC control. However, DCs treated
with modSLA substrates were still able to futhature in response to LPBigure5-2).
LPStreated DCs expressed higher CD86 levels compared to DCs treated with any of the
substrates. The expssn levels of CD83 or HLADQ were not significantly affected
upon treatments with the different Ti substrates. Furthermore, SEM micrographs showed
that DCs treated with PT or SLA substrates exhibited more dendritic processes associated
with mDCs, while noedSLA treated DCs were rounded, which is a morphology associated

with iDCs (Figure5-3A-C).

404 [ TCPS

—L 0@ PT

30 B SLA
modSLA
= 50l B TCPS +LPS
)]
. ﬂ ﬂ '_%l
olommea Ml

CD83 CD86 HLA-DQ

Figure 5-1:Surface marker expression of DCs in response to treatment with different Ti surfaces (PT,
SLA or modSLA) as compared to tle iDC (TCPS) and mDC (TCPS+LPS) controls. Geometric mean
fluorescent intensities are shown for n = 12 donors (meantSEM). Brackets represent statistical
significance among treatments with pOO0. 05.
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After a 24 h exposure to the Ti substrates, the percented@very (recovered
DCs / plated DCs) was similar for both the loosety nonadherent and adherent
fractions of cells Figure 5-4). Percent DC recary from the LPSreated culture was
higher than from DCs cultured on TCPS or treated with modSLA. Furthermore, the
percent adherent DCs (adherent DCs / recovered DCs) was not different among the
different Ti substrates, but percent adherent DCs on TCG&Sawer than on any of the
substratesKigure5-4). Low magnification (150x) SEM images of cells remaining on the
substrates after neadherentcells were washed away, indicatirtigat the number of

adherent DCs on these Ti substrates was sinkilgufe5-3D-F).

[ TCPs
B TCPS + LPS

CD83 CcD86 HLA-DQ
Figure 5-2: DCs treated with modSLA substrates were still able to fully mature in response to LPS.
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1700X

Figure 5-3: SEM of DCs on Ti surfaces. High magnification micrographs (1700x) show &t DCs on
PT (A, D) or SLA (B, E) exhibited highly dendritic morphology, which is associated with mDCs; DCs
on modSLA (C, F) exhibited rounded morphology, which is associated with iDCs. Low magnification
scans (150x) (D, E and F) show that the differentiTsurfaces adhere similar numbers of DCs. Data
are from one of two separate experiments, both with comparable results.
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Figure 5-4: Percent adherent cells on and percent DC recovery from the Ti substratesd controls.

Left: Percent of cells (adherent DCs/recovered DCs) adherent to the different Ti surfaces (PT, SLA

or modSLA) was not significantly different from each other. Right: Percent DC recovery from

modSLA was lower compared to mDC control (TCPS+PS). n=6 donors (meantSEM). Brackets
represent statistical significance among treatments
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5.3.3. Ti substrates induced differential cytokine production by DCs

Multiplex cytokine analysis showed that production of factors was substrate

dependent. PT surfaces induced higher levels eflta production by DCs compared to

the negative control or modSLA substrates.

As expected;tigagd DCs released

higher amounts of Hlra compared to the iDC contrdFigure 5-5). Although some

trends in the production of TNB, -10 and MIPLU wer e obser ved

substrates, the differences were not statistically significant. -ttdaBed DCgroduced

higher TNFU, -10dndMIPL U r el ati ve t
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1

pglcell (x10%)

© A o
& < & g.,\? R
© ]
<& <Q
«(}
40 IL-1ra
30 I
G i
o o
S e
x x
= 20 =
8 8
) S
o =%
10
0
) A >
& ¢ o ¢

25

20

-

© =N W s

a m

o any other treat

MIP-1a

IL-10

Figure 5-5: Cytokine and chemokine release for DCs treated with Ti surfaces (PT, SLA or modSLA)
as compared to the iDC (TCPS) andmDC (TCPS+LPS) controls. The cytokine amount was

normalized to the total cell number in the well.

statistical

significance

among

n=12 donors (meantSEM). Brackets represent

treat ments with

The analysis of a wider array of cytokines and chemak{Rigure 5-6) indicated

that SLA surfaces induced higher levels ofll& production by DCs compared to

modSLA or TCPS, while Pireated DCs releasedgher amounts of MCR relative to

the TCPS control and to a level not different from iR&ted DCs. LPS induced

increased production of MGP compared to TCPS, SLA or modSLA. Furthermore, all
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of these three Ti substrates induced minute productiomscahflammatory cytokines
(IL-1 b ,-12p70 and 1E18) compared to LPS treatment of DCs. Although the substrate
induced production of H8 by DCs followed the trend of SLA > PT > modSLA, the
differences were not significant. In addition, |-BP&ated DCsreleased higher H8
compared to TCPS or any substrate treatment. All Ti substrates induesl IL
production by DCs at levels below detection limit (data not shown). Trends olUTNF

IL-1ra, I-10and MIPL U product i ofiguwedS e si mil ar to
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Figure 5-6: Cytokine and chemokine release for DCs treated with Ti surfaces (PT, SLA or modSLA)
as comparedto the iDC (TCPS) and mDC (TCPS+LPS) controls.  The cytokine amount produced
by the cells in the well is shown. n=3 donors (meantSEM). Brackets represent statistical significance

among treat men fThe trendstoffproguion.oDTBIFU , -1tallL-10and MIP-1 U wer e
similar to those in Figure 4 and hence not shown.
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5.3.4. PCA indicated differential levels of DC maturation were induced by Ti substrates

The first PCA analysis confirmed experimental data that extents of DC
maturation were sudratedependentKigure5-7). The data set could be modeled using
two PCs, which were able to represent 95.9% of the data. The PCA biplot indieted
modSLA clustered with TCPS for its effects on DC responses, while SLA and PT formed
another cluster that was closer to the LPS treatment. As expected, LPS induced drastic
phenotypic changes in DCs and was strongly associated with the phenotyesaria
along the far end of the first PC (PC1) (thick black ellips€igure5-7). Consistent with
the experimental result, PT treatment was more glyorassociated with Hlra
production than the other two Ti treatments as shown along the second PC (PC2) (thin
black ellipse inFigure5-7). Overall,SLA induced higher DC maturation as compared to
PT because it was situated closer to the phenotype variables along PC1, while modSLA

treated DCs were negatively associated with the phenotype variblgeseb-7).

A B
Variables: Phenotype 10
X, X, s
(2]
i 06
[
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5 2
= < 02
0
: 0.0
_X"'l T X"'"_ S 02
o
Treatments: e
TCPS, PT, SLA, 06

modSLA, TCPS+LPS

Phenotype variables:
CD83, CD86, HLA-DQ,
IL-1ra, IL-10, TNF-a, 40 08 06 04 -02 00 02 04 06 08 10

MIP-1a PC1=80.5%

Figure 5-7: Confirmation of the relative effects of Ti substrates (PT, SLA or modSLA) on DC
phenotype relative to the IDC (TCPS) and mDC (CTPS+LPS) controls using PCA. (A) The
organization of data into a matrix for PCA. (B) PCA biplot of the DC phenotype variables, including
surface marker expression of CD83, CD86 and HLADQ and production of TNF-U, -1ralIL-10
and MIP-1 U, f or PASLA, BOP3 and P& treatments of DCs. PC1 represents 80.5% of
data variance, and PC2 explains 15.4% of data variance, which together capture 95.9% of data
variance with little loss of information. The red ellipses represent clustering of similar treatmen
groups (e.g. TCPS and modSLA form one cluster, while PT and SLA form another cluster). The
thick black ellipse indicates the location of phenotype variables, which is strongly associated with
LPS-treated DCs along the far end of PC1. The gray ellipseepresents the association of PT
treatment and IL-1ra release along PC2.
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Figure 5-8: Assessment of material propertyDC phenotype relationships using PCA. (A) The
organization of the data into a matrix for PCA. (B) PCA score plot and loadings plot for the first two
PCs. PC1 represents 38% of data variance, and PC2 explains 21% of data variance, which together
capture 59% of data variance. The red doubléheaded vector indicates that CD86 and Ra primarily
influence PC1 and PC2, respectively, suggesting that roughness has little effect on CD86 expression.
The blue dotted ellipse indicates that material properties of aiwater contact angle (Theta), surface
%C and %N are more associated with the phenotype vaables. Conversely, the black dotted ellipse
shows that properties such as %0 and %Ti are situated on the opposite side of the phenotype
variables, suggesting that these material properties are more associated with an iDC phenotype. The
data set can be bst modeled by 3 PCs that capture a total of 74.4% information. However, because
score plot and loading plots of PC1 and PC3 yield similar conclusions as those of PC1 and PC2, and
because plots of PC2 and PC3 do not yield meaningful information, only th@ots of PC1 and PC2
are shown for simplicity.

5.3.5. PCA suggested DC phenotypaterial property relationships

The second PCA analysis suggested DC phenbtyaterial property
relationships Figure5-8). The data set could be modeled by three PCs capturing a total
of 74.4% of information. The first 2 PCs (PC1 and PC2) were able to represent 59% of
data variance. Instead of a biplot, #e®re plot and loadings plot are shown for clarity.
The relative locations of PT, SLA and modSLA in the score plot were consistent with the
PCA biplot shown irFigure5-8B. In addition, in the loadings plot, CD86 expression and

surface roughness {Rprimarily contributed to PC1 and PC2, respectively, suggesting
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that roughness had little effect on CD86 expression, which was consistent with the
experimatal result. Furthermore, aivater contact angle (Theta), surface %C and %O
were more associated with a mDC phenotype due to their clustering with phenotype
variables that were upegulated upon DC maturation (blue dotted ellipsEigure5-8B).

Higher values of these surface characteristics were associated with PT and SLA
substrates, which were shown to promote DC maturation. In contrast, sutaeadb

%Ti, which were higher on modSLA substrates, were on the opposite side of the
phenotype variables (black dotted ellipseFigure 5-8B), indicating that these surface
properties were associated with an iDC phenotype. Interestinglyater contact angle

was strongly associated with-I0 production, and %C and %N were similar in their
effects on DC phenotype. Information from plats PC1 and PC3 provided similar
conclusions as PC1l and PC2, while plots formed by PC2 and PC3 resulted in

meaningless covariations (data not shown).

5.4. Discussion

The phenotype of DCs was differentially modulated by PT, SLA and modSLA
surfaces. Speifitally, although the expression levels of DC maturation marker, CD83
and MHC class Il molecule, HL®Q, were not altered significantly, PT and SLA
treatment of DCs induced higher-sttmulatory molecule, CD86, expression relative to
DCs cultured on TCPSLC control). DC treatment with modSLA did not affect CD86
expression as compared to iDCs, presumably maintaining ainflammatory
environment. Our previous experience indicates that CD86 is the most sensitive marker
for DC response to biomaterial ttegents and is a valid variable for determining DC
maturation leveld5]. Furthermore, both RTand 3 A- treated DCs exhibited much
more extensive dendritic processes, a morphology associated with mDCs. Consistent
with the CD86 expression results, DCs treated with modSLA possessed a rounded

morphology that is associated with iIDCs. Therefore, PT or Stofptes an mDC
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phenotype, whereas modSttreated DCs possess IDC phenotype. Despite the non
stimulating nature of modSLA substrates, DCs treated on modSLA were able to fully
mature upon LPS chall enge, i ndicatiltgg t hat
to respond to bacterial stimuli, an important aspect for clearance of any-desaated

infection.

PT and SLA surfaces have very similar surface chemical composition, but differ
in average peato-valley roughness (f and surface aiwater condict anglg161]. Both
of these surfaces are hydrophobic; hence, the most important differencetfiesurface
roughness between PT and SLA substrates. The comparable levels of CD86 expression
for DCs treated with PT or SLA surfaces suggested that surface roughness is not crucial
in modulating DC phenotype. Conversely, modSLA surfaces have the safaee
roughness as SLA substrates, but were prepared to retain their high surface energy
(approximately 0° aiwvater contact angle) by preventing surface contamination with
atmospheric hydrocarbons and carbonates. The results presented herein tha&-modSL
treated DCs were nestimulating indicated the importance of surface hydrophilicity as a

material property that modulates DC phenotype.

Surprisingly, despite the vast differences in surface energy and cellular responses,
as many DCs adhered to modSkAbstrates as to PT or SLA surfaces, indicating that
cell adhesion alone is not sufficient in inducing DC maturation. Previous study
demonstrated that distinct adsorbed ECM proteins on TCPS affected DC morphology,
cytokine production, and allostimulatocgpacity[122]. In addition, chemicalbgefined
selfassembled monolayers were shown to preserdrdiitial glycan profiles as well as
induce distinct DC respons§g,115] Therefore, the distinct DC responses induced by
the Ti substrates were likely due to the differential protein adsorption profiles from the
cell culture medium onto the Ti surfaces. Although the adsorbed proteins allowkd simi

extents of DC adhesion to the different Ti substrates, the difference in the presentation or
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conformation of these proteins presumably provided DCs with differential molecular
patterns, resulting in distinct responses. This hypothesis will be testbd fature to
understand which adsorbed protein profiles on the Ti substrates govern DC response.
Specifically, it is necessary to understand the receptors and adsorbed matrix proteins

critical for the modulation of DC responses to biomaterials.

In addtion, DCs treated with Ti surfaces produced differential cytokine profiles.
Contrary to the high expression level of CD86 and dendritic morphologtreied DCs
released higher amounts of amtilammatory cytokine, Iklra, compared to iDCs or
modSLAtreated DCs. Although some trends in the release ofUNF10 dnd MIRP1 U
were observed, the differences were not statistically significant, primarily due to the large
variances in the cytokine production by individual donors. A wider array of cytokines
and chemokines were subsequently analyzed in order to better delineate the cytokine
responses upon DC treatment with Ti surfaces. Treatment of DCs with PT surfaces
promoted enhanced production of the chemokine MCPompared to iDCs, and to a
level similar to LPStreated mDCs. In addition, treatment of DCs with SLA surfaces
induced higher levels of HL6 production relative to iDCs or modSttfeated DCs. The
production of pranflammatory cytokines such as-IL b ,-12p70 and IE18 induced by

DC treatmat with Ti substrates were low and not different among each other.

MCP-1 is a potent chemokine for monocytes and a variety of other immune cells
such as activated CD4nd CD8 memory T cells[216]. Furthermore, MCHA was
released at high levels by osteoblasts in the bone with associated inflam[@aipn
The elevated levels of MGP production by DCs treated with PT surfaces are consistent
with the enhanced expression of CD86 and mDC morphologgreed for DCs treated
with PT, indicating a pranflammatory DC phenotype. Countetuitively, IL-1ra
production was also enhanced by PT surfaces. However, it iskmaiin that upon

maturation, DCs naturally urgulate the production of asntilammaory cytokines as a

69



negative feedbaci18]. Therefore, the upegulated IL1ra production by DC teged

with PT surfaces was presumably initiated by the activated DCs to alleviate the pro
inflammatory response. In addition, DC treatment with SLA substrates increased the
production of 1-:16, which is a pleiotropic cytokine that can have both prad ami-
inflammatory properties. H16 has been shown to be a chemoattractant for CD4
expressing peripheral immune cells, including CD4ells, monocytes, eosinophils and
DCs [219], and the elevated production of-16 was directly associated with airway
inflammation [220]. In contrast, IE16 was also demonstrated to inhibit mixed
lymphocyte reaction by inhibiting TCR signalif2R1], and that the administration of-IL

16 reduced the RA symptoms in a murine m¢@2R]. Therefore, the functions of 116

are likely dependent on the presence of surrounding cell types and cytokines in the
microenvironment. Because of the mature phenotype suggested éyhttieced CD86
expression and dendritic morphology, Sti&ated DCs likely produce L6 as part of a
pro-inflammatory response. Collectively, the results indicate that treatment with PT or
SLA surfaces promote a more mature phenotype of DCs, while tneiatmte modSLA

surfaces does not affect DC phenotype.

PCA was performed in order to draw correlations between DC phenotype and
material properties of Ti surfaces from the mditnensional dataset. PCA was applied
to the data in a blinded fashion to redithe number of dimensions of the data, thereby
facilitating the analysis of latent relationships. Consistent with the experimental data,
PCA results suggest that PT and SLA surfaces werenflasnmatory for DCs, while
modSLA appeared to promote a rAoflammatory environment Fgure 5-7B).
Furthermore, along with awater contact angle, surface % C and N were associated with
a mDC phenotype, anddtier values of these surface characteristics were associated with
PT and SLA substrates. In contrast, surface % O and % Ti contents were associated with

a noninflammatory DC phenotype and were detected at higher levels on modSLA
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surfaces. In addition, irawater contact angle was heavily associated withlQL
production as compared to other surface material properties. The proxi®ey ahd N

on the loadings plot indicated that their effects on DC phenotype were similar and
presumably redundant. Takdngether, PCA not only suggested possible material
property DC response relationships, but it also further supported the experimental results
that PT and SLA surfaces are pnflammatory, while modSLA surfaces are Ron

inflammatory, for DCs.

Previous esearch demonstrated that the high surface energy and microtopography
of modSLA surfaces synergisticallgnhanced the differentiation of osteoblasts and
production of local osteogenic factors such as PGEFRb 1 and o[d@emcal ci n
contrast to PT or SLA surfaces, the study herein showed that modSLA surfaces did not
induce a pranflammatory environment due to its nestimulatory effect on DC
phenotype, thereby potentialijinimizing the innate immune response. Numerous
studies have indicated the central role of DCs in esteounology. Elevated numbers
of DCs have been found in joints of Raatients[194,195]and have been attributéd
the bone loss induced by inflammatif®®6]. Furthermore, human or mouse activated
CD4" T cells induced by environmental stimuli were shown toragulate RANKL,
which supports osteoclast differentiation and activation. The-axstérity of osteoclasts
results in inflammatiosinduced bone losgl97,198] Among APCs, DCs are the most
potent in bridging innate to adaptive immunity by initigtiand regulating T and B cell
responses. Activation or maturation of DCs by environmental stimuli, including
biomaterial treatments, was shown to induce T cell prolifergtldi]. Hence, upon
inflammation, DCs can become mature and initiate T cell activation, which can in turn
promote the differentiation and survival of osteoclasts. FurthermordreRfEd DCs
were shown in this study to release elevated levels of MICRMCR1 was previously

demonstrated to induce the formation of multinucleated ostediélastells from human
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primary mononuclear precursars vitro [223]. In another study, MGB and RANKL
synergistically promoted the differentiation of and fusion of mouse bone marrow cells
into ogeoclasts as well as enhanced the mineral dissolution in mouse bone rikirow
cultures on calcium phosphate digk24]. In contrast, modSLAreated DCs remained
immature, evaluated by surface marker expression, morphology and cytokine profile.
The ability of surface roughness and energy to induce osteogenesis and improve
osseointegration is not only ¢ause of its effect on osteoblast and mesenchymal cells
[205,206,210,225]but may also be due to its effect on the inflammation process. As a
consequence, a nenflammatory implant mierial such as modSLA is expected to
promote osteoblast differentiation byinimizing local inflammation and associated

osteoclast differentiation and to promote peplant formation clinicallyj207].
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CHAPTER 6: PREDICTING DC PHENOT YPE FROM
POLYMER MATERIAL PRO PERTIES THROUGH

MULTIVARIATE ANALYSI S°

6.1. Introduction

DCs, the most potent APCsyre pivotal in bah effective immunity and immune
tolerance. Upon challenge with pathogens oripflammatory cytokines, DCs mediate
T cell polarization for optimal immune respori58,192,193] Simultaneously, DCs also
actively maintain immurogical tolerance towards self or nbarmful antigens by
actively inducing the formation of f-cells [77]. Furthermorethe phenotype of DCs
can be modulated by the biomaterials used to treat the DCs via a biomaterial adjuvant
effect [6,113] In CHAPTER 4, the biomaterial propeiC phenotype relationships
began to be investigated using weflaracterized biomaterial system implementing
multivariate analysis such as PCAn order to derive more detailed correlations,
particularly for polymeric systems, more complex systems with a larger number of
biomaterials are expected to be necessary.

Combinatorial and computational approaches in biomaterial design can
potentially accelerate the discovery of new biomaterials and increase the diversity of
promising polymeric structures for biomedical u§e40,226] Quantitative structure
property relationship (QSPR) modeling has long been used in drug dis¢@2@é}y This
approach was translated into predicting biological response to polymeric biomaterials.
For instance, computation models, including artificial neural network (ANN), surrogate
modelirg, and partial linear squares regression (PLSR), were developed to successfully

predict fibrinogen adsorption, rat lung fibroblast growth, and/or metabolic activity after

8 Adapted and modified from Kou PM, Pallassana Nnfingham B, Kohn J, Babensee Bedicting DC
phenotype from material propertigsough multiariate analysis of DC responses to a polymethacrylate
combinatorial library. In preparation Biomaterials
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culture on a combinatorial library of 112 polyarylates from a number of material
desciptor, including hydrophobicity, glass transition temperaturg), (8nd chemical
structure [228-231]. Furthermore, computational modeling has been usaskssfully to

create a large virtual library of 40,000 pMAs by the Kohn laboratory with predictable
fibrinogen adsorption, fibroblast attachment, and fibroblast growth based on a selection
of material descriptor§l54]. These models allow for rational design of biomaterials
before any polymers are synthesized or any biological experiments are performed and are
expected to unprecededtg expedite the discovery of biomaterials and advance the field

of biomaterials.

Previously, a differential equatidsased model has been developed to describe
primary MO fusion in responRI¥FP]. Hawevdrjthisf er en't
model did not directly predict host response based on material properties as the
predictors. Thus far, no comational models have been developed to describe or
predict the response of human primary immune cells to biomaterial properties, which is
of outstanding clinical relevance. In this report, the biomaterediated DC phenotype
was assessed for a selectairthe pMAs developed in Kohn laboratory. This selected set
of pMAs was previously shown to induce a wide range of biological response in terms of
fibrinogen adsorption, fibroblast adhesion and grol&6v]. The material properties of
these pMAs were characterized and were shown teacp to different extents with
phenotypic variables by PCA. PLSR models were then built to prié@icesponse from
different sets of material property predictors. DC maturation based on surface marker
expression could be predicted from the material properties V\ﬁmdiEﬁon 0.76.
Interestingly, the predictioperformance was maintained wm"lpredicﬁon 0.80 when only
theoretical chemical composition values were used as the predictor varidtd&sn
together, thestudy hereindemonstrategor the first timethat immune cell response to
biomaterials can be predicted from material propertiesaahdexpeditein silico rational

designof future immunemodulatory biomaterials.
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6.2. Materials and Methods

6.2.1. Synthesis pMA combinatorial library

pMAs (Table 6-1) were prepared using chagmowth polymerization via free
radical solution (FRS) and reversible additfomgmentation transfer (RAFT233]. All
chemicals were high purity, reagegrade, or HPL&rade and used as received except as
noted: (i) AIBN was recrystallized from MeOH, (ii) Monomerkigure 6-1) were
purified through a column of alumina to remove inhibitors, and (iii) Solvents, solutions,
and monomers were degassed with nitrogen or argon before use indioad oa RAFT
polymerizations.

The polymerization was carried out using an automated parallel synthesizer.
Briefly the synthesizer was inertized by five cycles of evacuation under vacuum’@t 120
and degassed monomers (single or multiple monomerssiredenole ratios for desired
target ratios), stock solutions of either AIBN (for FRS) or ssalution of AIBN and 2
cyanoprop2-yl dithiobezoate (for RAFT) and solvents were charged to the reactors that
were vortexed at 600 rpm at @ for 6 hours (FRSpr 20 hrs (RAFT) under Argon.
More than 90 reactions were carried out in a single run. The reactors were cooled to
room temperature and the polymers were precipitated manually and dried under vacuum
for more than 24 hours at €D. The pMAs used in thistudy were selected from more
than 150 members of the pMA library that were synthesized using this method and
consisted of homo co and terpolymers. Proton NMR was used to determine the
composition and gel permeation chromatography for molecular welgfiermination
[233]. Table6-1 lists the pMAs and the corresponding abbreviations used in PCA and
PLSR plots.
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Figure 6-1: Chemical structure of the pMA monomers

Table 6-1: List of pMAs that were used for the training set.

pMA# | Name Abbreviation
1 Ethylene Glycol Methyl Ether MA | EGMA

2 Hydroxypropyl MA HP

3 Isobornyl MA Isobornyl

4 Methyl-EGMA Me-EGMA

5 Methyl-hydroxypropyl MA Me-HP

6 Methyl-tetrahydrofurfuryl MA Me-THFF

7 Ethyl-BenzytTEGMA E-B-TEGMA
8 IsobutylBenzyt THFF MA I-B-THFF

9 Lauryl-IsobornytHydroxyethyl MA | L-I-HE

10 nButyl-CyclohexytUndecyl MA nB-C-Undecyl
11 Octyl-IsobornytHydroxypropyl MA | O-I-HP

12 HEMA HEMA

6.2.2. Coating of pMA in 9&vell plate

Each of the pMAs were dissolved 0.5% (w/v) in tetrahydrafuran (THF; Sigma),
and the solutions were used to fill the wells of aw@8l polypropylene (PP) plate

(Corning, Corning, NY) to ensure that the walls of the wells were coated. The filled plate
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wasthen transferred into an Isotemp vacuum oven (Fisher Scientific). The temperature
of the oven was increased 10°C/h from 40°C to 80°C. Vacuum was generated at 80°C,
and the solutions were dried under vacuum for 5 days until uniform coatings were

formed. Uniform coating of the wells, including the walls, was inspected by mixing the

pMA solution with fluorescein to check for homogeneous fluorescence.

6.2.3. Synthesis and coating of terpolymer combinatorial library

The synthesis of terpolymer3dble 6-2) has been described previou$hb5].
The monomersHigure6-2) hydroxyethyl methacrylate (ophthalmic grade) (HEMA or H),
2-ethylhexyl acrylate (EHA or A), triethyleneglycol monomethylether monomethacrylate
(TEGMA or T), N-ispropylacryamide (NIPAAM or N), glycidylmethacrylate (GMA or
G), and azobisisobutyronitrile (AIBN) were purchased from either Si§ldiach or
Polysciences and used as received. The polymers were synthesized byniNHiéd
radical polymerizatio of the three monomers in DMF at 70°C. A typical reaction such as
the synthesis of 40%HEMA0-35%TEGMA-co-25%GMA was carried out as follows:
HEMA (0.78 mL, 0.006 mols), TEGMA (1.29 mL, 0.005 mols), GMA (0.53 mL, 0.004
mols), and AIBN (2.5mg, 0.015 mmol)enre taken place in a round bottomed flask.
Dimethylformamide (DMF) (12 mL) was added and the reaction was purged by a stream
of nitrogen. The reaction was heated at 70°C for 6 h with rapid stirring. The polymer was
precipitated in diethyl ether. The obtathpolymer was rdissolved and precipitated 2x,
after which the polymer was dried for 2 days under vacuurfierpolymer coating
procedure was carried out the same way as pMAs. The terpolymers were used as the

prediction set.

6.2.4. Surface roughnessdasurface area measurements

All surface roughness was measured in pbthated 96vell wells after cutting

off the walls of the wells. Line roughness; Rf the pMA coatings were measured by

77



Wyko optical profilometer (Veeco, Plainview, NY) with a 5x oltifjee. Surface area,
surface roughness {S and other surface roughness variables (Table2)Aivere
measured by LEXT OLS4000 3D material confocal microscope (Olympus, Center
Valley, PA) using a 20x objective in an organic cleanroom in the Marcus
Nanotechnlogy Building at Georgia Tech. Two measurements were performed on each
of three coatings for each pMA. The value for each pMA was the average of the six

measurements. Representative surface images are shown in Appendix 9.

Figure 6-2: Chemical structure of the monomers that made up the terpolymer prediction set.

Table 6-2: List of terpolymers that were used for the prediction set

terpolymer # | Abbreviation | Composition

1 2A A55T20G25 55%A-co-20%T-c0-25%GMA
2 2B A40T35G251 40%A-co-35%T-co-25%GMA
3 2D A10T65G251 10%A-co-65%T-c0-25%GMA
4 5B H40T35G25 40%Hco-35%T-co-25%GMA
5 5C H25T50G25 25%H-co-50%T-co-25%GMA
6 5D H10T65G25 10%H-co-65%T-co-25%GMA
7 6A A55H20G25 55%A-co-20%H-co-25%GMA
8 6B A40H35G25 40%A-co-35%H-co-25%GMA
9 6C A25H50G25 25%A-co-50%H-co-25%GMA
10 HEMA 100% H
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6.2.5. Waternair contactangle and glass transition temperaturg (ieasurements

Polymers were coated on coverslips by solvent casting for contact angle
measurements at Rutgers University. Contact angles were determined on-adl&amé
goniometer equipped with a camera and Drgrde software. A drop of deionized water
was placed on the polymer film and the contact angle measured withthsl T; was

measured by differential scanning calorimetry (2910 Modulated DSC, TA Instruments)

6.2.6. Surface chemical composition measuets) by Xray photoelectron spectroscopy

XPS

XPS was performed on pM#&oated 96well wells after cutting off the walls of
the wells at the University of Toronto. The samples were analyzed on the Thermo
Scientific K-Alpha XPS spectrometer (ThermoFishEr, Grinstead, UK) located at the
University of Toronto. Measurements were obtained at adékangle (relative to the
surface) of 90°. A monochromatic AlgX-ray source was used with a spot area of 400
em. Charge compensat i vdedusiagshe floedcgansssppliedy a n d
with the instrument. Survey spectra were obtained at low energy resolution (pass energy
= 150 eV) in a scanned mode. Quantification was obtained from low resolution spectra
acquired in a snapshot mode. The C 1s speatvasalso recorded at high resolution (PE
= 25 eV) in a scanned mode. All data processing was performed using the software
package supplied with the instrument (Avantage). The high resolution peak fitting was
independently performed at Georgia Tech, whittuded the basic €, O-C=0, and €
O bonds (denoted as GT), and in University of Toronto, which included beta carbons and
slight C=0 contamination in addition to the three basic bonds (denoted as UT).
Theoretical values were calculated based on polystarctures and molar ratios
determined by NMR.Representative high resolution C1ls scans are shown in Appendix

7.
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6.2.7. Human dendritic cell culture

Human DC culture was performed in the same manner as in Section 4.2.1. in
accordance with an updatedofwcol H10011 of the Institutional Review Board of

Georgia Institute of Technology.

6.2.8. Exposure of DCs to coated pMAs or terpolymers w8l plate

On day 5 of culture, loosely adherent and -adherent cells containing iDCs
were harvested and repended in DC media with 1000 U/ml GRISF and 800 U/ml
IL-4 at 5 10° DCs/ml. 150 pl of cell suspension (7.50 DCs) was plated on pMA
coatings in quadruplicate in the wells of aweéll PP plate. The extent of D@aturation
was compared to the referencentrok cultured on TCPS 9&ell plate in parallel:
untreated iDCs for the negative referemoatrol and LPS (1 pg/mijreated mDCs for
the positive referenceontrol Four of the donors used in the pMA librayperiment

were used again in the terpolymer library experiment on different days.

6.2.9. Maturation analysis with 9@ell filter platebased high throughput (HTP) method

Differentially-treated and referenasontrol DCs were harvested after 24 h for
analsis using a HTP method previously described in CHAPTHR14]. Briefly, all
treated DCs and refareecontrok were transferred to a black-@ll filter plate, and the
supernatants were immediately collected into av@6 plate through the filters by
stacking the filter plate on top of the collection plate and centrifuging &@%&tr 2 min.

A portion of the supernatants were used immediately for cytotoxicity assessment by
measuring G6PD release from damaged cells (described in the following section), while
the remaining portion was stored -80°C for multiplex cytokine profiig. The cells
retained in the wells were assessed for maturation phenotype by immunostaining using
antibodies antCD86-PE and antDC-SIGN-FITC. CD86 is a costimulatory molecule

that is upregulated upon DC maturation, and-8BIGN an endocytic receptohdt is
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downregulated upon LRPS&imulated maturation. The fluorescent intensities were
measured with a Tecan Infinite F500 microplate reader, and the ratio of CDS3ENG
a cell number independent metric naented A ma

DC maturation.

6.2.10. Cytotoxicity and Endotoxin Assessment

Biomateriatinduced cytotoxicity was assessed by the release of G6PD into the
media from cells cultured with or without biomaterials following the same procedures
described in Section 4.2.8riefly, 50 ul of the supernatants were assayed immediately,
and the fluorescent intensity was compared to that of the medium from lysed cells. The
fluorescence signals were measured after 30 min incubatiorf@tvadth excitation and
emission filters535/25 and 590/20, respectively. The endotoxin contents of the pMA
coatings were measured using a chromogenic substrate-{Q@LLAL assay, Lonza)
and determined to be less than 0.1 EU/mL, which is well below the FDA limit of 0.5

EU/mL.

6.2.11. Multipkx cytokine profiling

The supernatants collected from the cell culture media in the presence of pMAs or
referencecontros were stored at80°C and were thawed only once for multiplex
cytokine analysis as described in Section 5.2.6. For the pMA tras@ihghrough six
independent experiments each with a different donor, cytokine analysis was performed
for pro-inflammatory cytokines (k1 b, -12p70, 1L-15, IL-18, and TNFU) , - ant i
inflammatory cytokines (ltlra and I1l10), a pleiotropic cytokine (H16), and
chemokines (It8, MCR1, and MIR1 U) . For the terpol ymer p

analysis was performed fordL b , -ra,lILt8, IL-16, MCR1, and TNFU .
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6.2.12. Statistical analysis

To observe any significant differences between all sample groypsrs, a pair
wise twoway ANOVA followed by Tukey post test was performed using the GraphPad
Prism 5 software (La Jolla, CA), and thevalue equal to or less than 0.05 was

considered significant.

6.2.13. Principal component analysis (PCA)

PCA was pdormed on the DC phenotype and pMA material property dataset to
draw correlations between DC response and material properties. PCA is a dimension
reduction technique, which finds a few principal components (PCs) (new axes in the PC
space) that represemtimensions with maximal variability and highlight the global

R’??% consisted of both

covariance patterns of the variab|243]. The data matrix X
phenotypic and material variables (29 variables). Phenotypic variables included MF
(CD86/DGSIGN) obtained in the HTP assay and production levels of seven cytokines
and chemokines (ML b ,-1rd, IL-8, IL16, MCR1, MIP-1 U, anld) .TNFVad ues
10, IL-12p70, and IE18 measurements wetse to the detection limit, and-L5 could

not be detectedhereforethese cytokines and chemokingsre not included in theCA
analysis. Material property varialels included aivwat er cont act agngl e
line roughness, surface roughness, and surface chemical composition by XPS (Fable Al
1). The 72 observations included six independent experiments with 12 different pMAs to
generate the individual phetypic variable values. PCA algorithm was applied to the
data matrix to extract the latent correlations among the variables. All variables were pre
processed by mean centering and -waiiance scaling[214,215] Based on the
distribution of the variables, some were-wgnsformed to ensure Gaumsidistributions

of data. PCA was performed using the software SIMCA P+. The performance of a PCA
model can be summarized by two primary quantitative measures: goodness of fit of the

model to the current dataset as given ByaRd goodness of predictiai the model for
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predicting outcomes of future experiments as given fiyaQneasure of the cumulative
fraction of the total variation of the X block that can be predicted by all PCs. A figh R
is required for a high ®and a Gof > 0.5 is consideredogd [234].
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Where SSX:coriS the total sum of squares of X matrix (i.e. total variation in the X
block), RSS is the fitted residual sum of squares, and PRESS is the predictive residual

sum of squares calculated from cresdidation and is defined as

0'YO"Y'Y ® O

wherew is the experimental values of the variabtes,is the predicted values of the
variables from the reduced models during cross validafisnthe row position of data
matrix, andQis the column position of the data matrix. The dlé@anumber of PCs is
determined by the optimal balance between fit and predictive ability (see refi28ace

236] for detalils).

6.2.14. Partial Least Square Regression (PLSR) Modeling

PLSR is a powerful computational methtitht expresses a set of dependent
variables (outcomes) in terms of linear combinations (principal components) of the
independent variables (predictors). PLSR is very similar to PCA with an added algorithm
for maximizing the correlations between the Xd@pendent or predictor variable) and Y
(dependent or outcome variable) blocks in the PC space. The dataset used for PLSR
included all the variables in PCA as well as additional roughness variables and was

R72X119,

divided into two matrices: X consistingof the material property measurements

as the predictor variables, and"YR’*, containing only one DC response variable, MF.
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The material variables were copied six times for the six donor trials as they were the
same for each donor. Table &1 summares the variables included for each
observation. The performance of a PLSR model can be determine®f mn& GY. A

Q%Y of > 0.5 is considered god@34]. Analogous to PCA,
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where SSYcoriS the total sum of squares of Y matrix (i.e. total variation in the Y

block), RSS is the fitted residual sum of squares, and PRESS is defined as:

0'YO"Y'Y AR

where®w arethe experimental values of the Y variablas, is the pedicted values of
the variables from the reduced models during cross validdisrthe row position of
data matrix, and is the column position of the data matrix. The PCs derived from the
PLSR model result in linear combinations of the predicemiables optimized for the
maximum covariance with the dependent DC phenotypic variable. From this initial
model, a pruning step was performed to remove variables with low variance influence on
projection (VIP < 0.7) and low reliability as determined bglkknifing [236]. PLSR
modeling was péormed using SIMCA P+

The model performance was determined by how well the predictkoksva
matched the observed values by evaluating the regression Coefﬁ(ﬁﬁéﬂtetig?q Because
with more explanatory terms in a model, the model fit generally tends to improve with an
inflated Rprediciton the adjusted Bregiction (2prediction) iS a0 presented here to penalize the
use of more PCs in the mode? is defined as:

Y Y —
p P i n p
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where n is the sample size, which is 72 (6 donot treatments) in all the models, and

p is the number of explanatory terms, which is equivalerthe number of principal
components necessary for the model. In addition;ADMDVA (cross validation
ANOVA) was performed for significance testing of the models. This technique results in
F-statistcs and-palues, which are useful for evaluating tigngicance of the model, i.e.

whether the model is developed merely by chance.

6.3. Results

6.3.1. pMAs induced differential DC response

The results of material characterization of the twelve pMAs are summarized in
Table 6-3. DCs responded differentially to this set of polymers. There is a trend of
increasing DC maturation as shown by the metric CD86ADGN for the ordering of
polymers used to @éat DCs, as represented on thaxxs Figure6-3A). When keeping
the ordering of polymers the same, the release ofnfl@mmatory cytokine, TNFJ
(Figure6-3B), and chemokine, H8 (Figure6-3D), by treated DCsippeared tdollow the
same trend with pHEMA inducing the lowest amount of TF a n-8 production in
DCs. In contrastpHEMA induced the highest amount of-16 secretion from DCs,
which was statistically different from iD&d mDC eference controls as well as all the
other pMA treatments examingBigure 6-3C). Furthermore, this set of pMAs induced
differential levels of cytokine secretion. In particulpoly(isobutytbenzytTHFF)MA
(pIBTMA) induced the highest levels of TNF(Figure 6-3B) and IL-8 (Figure 6-3D)
relative to all the othepMAs, while poly(isobornyl)MA induced the most 16 after
pHEMA (Figure 6-3C). Other cytokines and chemokines assayed didappiear to
follow as aclear trendFigure6-4), but they induced differential levels tf-1 bFigQre
6-4A), IL-1ra (Figure 6-4D), IL-10 (Figure 6-4E), IL-18 (Figure 6-4C), and MIR1 U
(Figure 6-4G) production Generally the pMAs on the left of the plots induced low

amounts of the cytokines or chemokines from treated DCs, while the pMAs on the right
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induced relatively higher amountégain, pIBTMA induced the highest amounts of pro
inflammatory cytokines and chemokine such asll|b Figgre 6-4A), IL-18 (Figure
6-4C), and MIR1 UFig(re6-4G). The pMAs did not induce sigiitant cytotoxicity in
treated DCs. Interestingly, pHEMA induced lower cell death as compared to all the other

pMAs (Figure6-5).

Table 6-3: Summary of material property measurements for the 12 pMAs (the training set). The
pMAs are ordered the same way as ifigure 6-3.

Me- Me- Me- E-B- L-I- O-I- 1-B- nB-C-
HEMA HP EGMA HP EGMA THFF TEGMA HE HP Isobornyl | THFF | Undecyl
Theta 69.5 71.2 17.2 73.8 21.5 70.5 20.8 29.0 62.8 29.2 28.7 39.0
Tg 87.6 83.8 55.8 90.7 15.2 91.3 1.6 -7.7 27.3 130.2 30.9 148.9
Si2p (E) 0.1 0.3 2.0 0.1 0.5 0.2 2.2 1.0 0.5 0.4 0.3 3.0
Cils (E) 84.6 78.7 75.3 915 91.7 95.7 78.4 87.0 86.3 90.4 915 81.2
Ols (E) 15.3 21.0 22.7 8.4 7.8 4.1 19.4 12.1 13.2 9.2 8.2 15.8
Cls (T) 66.7 70.0 75.4 725 70.0 725 78.3 87.0 85.1 87.5 78.5 87.8
Ols (T) 33.3 30.0 24.6 275 30.0 275 21.7 13.0 14.9 12.5 215 12.2
C-C (UT) 63.9 62.3 54.9 717 82.2 68.5 64.7 76.8 64.5 74.5 84.0 75.8
C-0O (UT) 20.8 14.7 22.8 10.7 7.7 11.8 19.3 10.0 17.3 5.9 6.6 114
0-C=0
(um 5.6 8.1 11.8 4.8 2.6 5.6 7.0 4.3 9.1 2.6 3.3 3.9
Beta C 9.7 11.5 105 12.8 7.5 13.1 9.0 9.0 7.6 14.9 6.1 4.9
C=0 0.0 3.4 0.0 0.0 0.0 11 0.0 0.0 1.6 2.0 0.0 4.0
C-C(GT) 73.6 76.4 64.9 84.9 88.9 75.5 73.8 89.2 70.8 87.9 91.3 90.3
C-0 (GT) 19.8 13.8 18.5 8.0 7.3 18.9 19.0 5.0 19.5 7.0 5.9 3.6
0-C=0
(GT) 6.6 9.8 16.6 7.1 3.8 5.8 7.2 5.8 9.7 5.2 2.8 6.1
C-C(T) 0.50 0.57 0.51 0.58 0.43 0.62 0.58 0.85 0.83 0.86 0.73 0.86
C-0(M 0.33 0.29 0.33 0.27 0.43 0.14 0.31 0.09 0.10 0.07 0.12 0.07
O-(g:l')_O 0.17 0.14 0.17 0.16 0.14 0.24 0.11 0.06 0.08 0.07 0.16 0.07
Ra 0.23 0.84 0.44 0.25 0.59 1.05 0.13 0.45 0.24 0.13 0.81 0.44
Sq 0.85 0.70 0.94 0.37 0.55 0.51 0.31 0.33 0.23 0.72 0.30 0.30
Ssk 1.49 0.07 137 | -0.13 0.51 5.45 -0.53 3.68 1.84 -1.02 2.29 4.89
Sku 22.17| 10.96 29.49 16.1 47.70 1345 30.64 | 1295 48.1 7.91 66.83 111.96
Sp 10.89 9.06 12.35 7.26 12.67 13.46 6.16 9.10 5.71 6.46 6.98 8.98
Sv 4.13 4.92 8.39 3.13 8.96 5.47 4.31 3.94 1.74 6.87 4.06 3.56
Sz 15.02 | 13.98 20.74 10.4 21.63 18.93 10.46| 13.04 7.45 13.33 11.04 12.54
Sa 0.66 0.53 0.63 0.27 0.34 0.31 0.20 0.20 0.17 0.54 0.21 0.18
Sk 2.05 1.45 1.52 0.73 0.82 0.87 0.51 0.54 0.53 1.40 0.64 0.54
Spk 0.90 0.57 151 0.35 0.52 0.68 0.22 0.35 0.25 0.39 0.32 0.39
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Table 6-3 continued:

Svk 0.67 0.97 1.19 0.60 1.13 0.55 0.64 0.51 0.22 1.28 0.32 0.31
SMrl 11.17 9.62 13.62 10.1 9.92 10.44 9.47 | 10.21 10.1 7.85 10.16 10.62
SMr2 89.95| 85.03 87.48 86.5 86.15 87.60 87.68 | 88.30 88.7 82.45 89.23 89.89
Sxp 1.73 1.30 1.52 0.63 0.70 0.75 0.43 0.45 0.45 1.24 0.55 0.45
Vvwv 0.09 0.10 0.12 0.06 0.10 0.06 0.06 0.04 0.03 0.13 0.03 0.03
Vvc 1.01 0.71 0.90 0.35 0.40 0.43 0.24 0.26 0.25 0.65 0.31 0.26
Vmp 0.05 0.03 0.07 0.02 0.03 0.04 0.01 0.02 0.01 0.02 0.02 0.02
Vmc 0.72 0.59 0.62 0.28 0.31 0.32 0.19 0.19 0.19 0.59 0.23 0.19
Sal 146.1 5.61 82.17 70.5 8.29 59.30 4.14 | 25.59 70.9 3.10 51.71 72.18
Str 0.45 0.59 0.38 0.64 0.54 0.56 0.85 0.61 0.59 0.82 0.65 0.53
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Figure 6-3: DC responded differential to the pMAs. A) Maturation factor (CD86/DC-SIGN). Release

of B) pro-inflammatory cytokine TNF-U ,

C }inflanmatary cytokine IL -16, and D) chemokine Il-
8 was represented by the fold change against iDC: p<0.05 different from iDC; #: p<0.05 different
from HEMA and hydroxypropyl; Y p<0.05higher than mDC; | : p<0.05lower than mDC; brackets:
p<0.05 different between treatments
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Figure 6-4: Cytokine and chemokine profiles induced by pMA treatments of DCs. This set of
cytokines and chemokines analyzed did not followsaclear trend of increasing DC maturation along
the same ordering of polymers listed in the saxis. A) IL-1 b, B 2p70) dnd C) IL-18 are pro-
inflammatory cytokines; D) IL-1ra and E) IL-10 are anttinflammatory cytokines; F) and G) are
chemokines. Y p<0.05 higher than mDC; | : p<0.05 lower than mDC; brackets: p<0.05 different
between treatments
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Figure 6-5: pMAs did not induce significant cytotoxicity of DCs. Brackets: p < 0.05 between
treatments. !!lindicates the signal was beyond upper limit for this assay.

6.3.2. PCA indicated differential DC maturation induced by the pMAs and represented

correlations between DC phenotype and material properties

A five-component PCA model was determined by cradilation to be the most
optimal for representing this dataset with ®0.78 and ®= 0.61, meaning that this
model can capture 78% of the information in the original data space with good
predictability. The five components could individually capture533d 18.2%, 10.9%,
9.6%, and 6.1% of data information, respectively. No major outliers were identified by
the Hotéstd amnigdsi cT, which is a multivariat
distribution. The score plots showed a wide spread natutéeoprojection of the
observations, indicating that the pMAs induced a wide range of DC respdéigese (
6-6A). Furthermore, pMAs that induced lol@C maturation in experiments, such as
pHEMA and pHPMA, segregated to the left of the PC1, while pMAs that induced high
DC maturation, such gdBTMA and p(nBC-Undecyl)MA, located to the right of PC2,

suggesting that PC1 canr etei croaugadiys.defined
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Figure 6-6: Score and loading plots showing the projection of the treatments and variables on the PC
space. PC1 captures 33.5% and PC2 captures 18.2% of the data, which together represes@% of
the original data information. A) Score plot shows the projection of the pMA treatments, each with
six data points obtained from six independent experiments with different donors. B) Loading plots
shows the projection of the variables on the PC sge. See text for detailed interpretation of the
plots. The following color code is used for the loading plotBlue: phenotypic variables; black:
chemical composition;red: contact angle; orange: roughness; greert Ty; . surface area. The
interpretation of the combination of PC1 with other PCs resulted in similar conclusion; therefore
these plots are omitted for simplicity.

The loading plot represent how the material properties and DC phenotypes
correlate to each othefFigure 6-6B). First, all the phenotypic variables measured
strongly clustered and mostly located in a quadrant diagonally opposite frd@. IL
Overall, the theoreticalalues of CGC, GO, and GC=0 bond composition mostly
clustered with experimental values (both fitted in U of Toronto and Georgia Tech), and
they were situated away from DC maturation variables and were associated with an
immature DC phenotype. Althoudhere was difference in the projection of theoretical
and experimental values of Cls onto the other PCs, these variables were always
associated with the maturation phenotypic variations along PC1 (data not shown). Most
importantly, the projection of @ortaining bonds in the loading plots was always
diagonally opposite to that of C only bondsgure6-6B). In addition, contact angle and
surface roughess (§ were located away from the maturation variables. Interestingly,

line roughness (& Ty, and surface area were consistently situated close to the origin of
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the plots except thatyhad influence on PC3, and surface area had influence on PC3 and
PG5, neither of which captured more than 10% of data information (data not shown).
The overall results were very similar regardless of the combinations of PCs. Although
the model was best fitted with five PCs, MF and most of the surface chemical
compositims could be well modeled by only two PEsgure6-7A). However, after five

PCs were applied~{gure 6-7B), many of the cytokines and chemokines, along wigh T

R., and surface area, were still poorly modeled, with IdwRarge difference between

R? and G (an indicator of poor model performge when R- Q%> 0.3).

After 2 PCs B RVX )
0.8 - . Q2vx(cum}

0.4 -

0.2 -

MF

Ra
SurfArea
Tg

=)
=]
L
TNF-a
MIP-1a

IL-1b
MCP-1
IL-1ra
IL-16
Theta

Beta C (UT)
0 (UT)

C

After 5 PCs

0.4 -
0.2 -

MIP-1a

MF

MCP-1
IL-1ra
TNF-a
IL-1b

IL-16
0-C=0 (UT

0-C

Thet

Si2p (E)

0-C=0(T)

C-0 (GT)

Sa

C=0 (UT)

SurfArea

Beta C (UT)

Te

Ra

Figure 6-7: Cumulative R? and Q° after (A) 2 PCs or (B) 5 PCs for the PCA model.
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6. 3. 3. Surface materi al properties could p

level

After pruning the initial PLSR model to remove variables of low importance and
reliability (e.g. C=O contamination,qTR,, surface area, etc.), the resulting' }R">*
data matrix was fitted with a twoomponent model with 3 = 0.63 and ®= 0.58. CV-
ANOVA determined that the model is significant wittv@lue = 4.41 10*? (Table 6-4).
Consistent with PCA, the score plot segregated pMAs titlaiced less DC maturation to
the left of PC1, but segregated pMAs that induced high DC maturation to the right of the
PCl; therefore, PCl1 could also be defined
(Figure6-8A). PC1 could correlate material properties to MF wifty R 0.52 and &=
0.50, while PC2 could draw additional correlation wittYR: 0.12 and ®=0.17.

Predictor variables that wereghily correlated or anttorrelated with the outcome
variable, MF, could be visualized by their relative placement in the loadingFatptré
6-8B). Again, surface carbon, along with Si contamination, was strongly correlated to
DC maturation, MF, whereas surface oxygen was strongly-cantlated to DC
maturation. The analysis of the loading weight of the variables (w*c) and the VIP
underscored the iportance of surface chemical composition, particularly the theoretical
values, on predicting DC responses (Table-3A2). Specifically, among chemical
composition variables, € (T), Cls (T), and MF had the strongest weight along positive
PC1, while O1sT), C-O (T), and OC=0 (T) had the strongest weight along negative
PC1 Figure6-8C) , where fATO0 indicates theoretical
were positively weighted on PC1, whiled@ntaining bonds were negatively weighted on
PC1. Interestingly, most of the mghness structures were negatively weighted on PC1
(Figure 6-8C). In contrast, contact angle (Theta) was weighted negatively and most of

the roughnessariables positively on PCFigure6-8D).
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The robustness of thimodel was tested by applying it to predict the MF levels in
DCs induced by the prediction set, which was derived from the experiments using a
different set of acrylate and methacrylatbased terpolymers averaged from six
independent experiments with glonors. Linear regression on the prediction resulted in
Rprediction= 0.76 Eigure6-8E) and2yrediction= 0.75(Table6-4), indicating that the model
was able to predict future experiments well, at least with methacrylate and abagdat
polymers. The detaikphenotypic analysis and material characterization are described
in Appendix 6.

Interestingly, by removing the experimental XPS values either obtained with (in
UT) or without beta carbon fitting (in GT) still resulted in strong predictive models with
R prediction = 0.71 an®prediction= 0.70 if beta carbon fitting is includéde. remove XPS
values at GT)Figure AX1A) or with R prediction = 0.77 andzzprediction = 0.77 if beta
carbon is not include@.e. remove XPS values at U{Bigure AL1B, Table6-4).

Analogous models were constructed to predict the cytokine levels and were found
to have RY < 0.55 and &< 0.4. These models were also unatmepredict future
experiments with low %rediction< 0.3. Due to the high correlation among the maturation
variables as shown by the PCA model, a full Y block containing all these variables were
expected to be reduced to a few dimensions. ThereforeSR odel with a full ¥
block: YN R"*®was also constructed wit"R=0.37 and &= 0.33 (3 PCs), which was
still effective in predicting MF (Ryedicion = 0.71) but ineffective in predicting cytokine

profile outcomes in future experiments withyRieton< 0.15.

6.3.4.Theoretical chemical composition alone was sufficient in predicting the relative

effects of p MAs on DCo6s MF | evel

A PLSR model was built using only the theoretical values of chemical
compositions of the pMAs. A thremmponent modelvas fitted for this X' R"** data
matrix with RY = 0.61 and &= 0.58 during crossalidation Eigure6-9) and a pvalue

94



= 2.3 10* based on C\ANOVA (Table6-4). PC1 can correlate material properties to

MF with R?Y = 0.43 and ®= 0.41, PC2 can draw additional correlation witYyR 0.12

and @ = 0.18, and PC3 can capture the remaining covariance With=R.07 and &=

0.13. Similar to the previous PLSR model, PC1 could be used to roughly segregate the
effects of the materials that induced differential levels of DC maturafimure 6-9).
Consistent with both PCA and previous PLSR models, surface carbon (C1s) was strongly
associated with DC maturation by locating the same quadrant aswvMIg, surface
oxygen was found to associate with an immature DC phenotype by situating oppositely to
MF. In addition, surface carbon was strongly positively weighted in PC1, but surface
oxygen was strongly negatively weighted in PEg@re6-9C). In contrast, C1s and-O

C=0 along with MF had positive influence on PC2CGnd O1s had negative influence

on PC2, and @ had little influence on PCZEigure6-9D). All five variables had strong
influence on the model (Table A3 6). This simple model could effectively predict the

MF levels in DCs indoed by the prediction seTdble 6-2) with Rzprediction: 0.80and
22prediction: 0.79, indicating strong predictive robustndsgre6-9E, Table6-4).

Similar to the preious PLSR model, analogous models aimed at predicting the
cytokine levels had low model performance withYR< 0.45 and &< 0.4 and were
unable to predict future experiments with Ioﬁpr&ictiors 0.15. In addition, a PLSR
model with a full Yblock: Y~ R"® also resulted in a poorly performing modeélYR=
0.37 and &< 0.33 (3 PCs), which, consistent with previous PLSR model, was still
effective in predicting MF with Rredicuon= 0.79 but ineffective in predicting cytokine
profile outcomes in futurexperiments with I—%redictiors 0.1.

In contrast, when experimental XPS values were used alone, the predictability of
the models was much poorer. PLSR models derived from a) both experimental XPS
values analyzed with (in UT) or without (in GT) beta carbittmg, b) only experimental
XPS values with carbon fitting, and c) only experimental XPS values without carbon

fitting all performed poorly with B e 0.2 and &< 0.2. These models could predict MF
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with Rpredicion  0.32 and’yregicion  0.31 with pvalues at least five magnitudes lower
than the model developed using only theoretical valliable 6-4). These models were
developed wh the removal of Si contamination and C=0 contamination on the surfaces
because the effects of these minute contamination were amplified in PLSR modeling,
where each variable is given equal weight to the problem at hand. When Si and C=0
were maintained inhe models, although the model fit would be improved due to the
addition of two more PCs, the resulting models made even poorer prediction for MF.
Alternatively, a multiplier of smaller than 1 could be manually set for variables that are
not expected taontribute significantly to the modeling due to their small quantities.

This approach did not result in improved models.

Table 6-4: Summary of model performance(all models have undergone pruning stepsxce for the
model based on only theoreticabr experimental XPS)

Predictors Used in Model R2Y Q? R%prediction | 1 “prediction F p-value
Full set of material properties| 0.63 0.58 0.76 0.75 23.3 4.4 107
Theoretical XPS only 0.61 0.58 0.80 0.79 14.4 2.3 107
Experimental XPS onl{both 4
GT and UT) 0.21 0.19 0.26 0.25 8.3 5.8 10
Experimental XPS without bety - , 0.17 0.24 0.23 72 | 15 10°
carbon fitting only (GTonly)
Experimental XPS with beta |, ,, 0.19 0.32 0.31 79 | 85 10°

carbon fitting only (UTonly)
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Figure 6-9: Maturation factor prediction from theoretical surface chemical composition alone using a
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loading weight of the variables in PC1 (C) and PC2 (D). E) Prediction of MF induced by a different
set of acrylate and methacrylatebased polymers in six independent experiments with different
donors. The error bars indicate thestandard errors of the experimental values.
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6.4. Discussion

The phenotype of DCs was differentially modulated by the 12 pMAs. The pMAs
induced a wide range of DC response as represented by the MF rhéjtice 6-3).
Interestingly, many of the pMAs induced higher level of DC maturation upon treatment
represented by this metric as compared to LPS stimulation (TCPS riiy@jg6-3A).

When the ordering of pMAs was kept consistent throughout the other plots, the
production of TNFU  a n-& by DCs induced by the pMAsppeared to followoughly

the same trend with pHEMA inducing the least amount of TNF a n-8 reléase by

DCs. In contrast, pHEMA induced the highest amount efiBLproduction that is
significantly different from iDCsmDCs and all other pMA treatmen(fSigure 6-3B, C,

and D). TNFU i s -inflammatory cytokine, and H8 is a chemokine, both of which

are released upon DC maturation.-1& has been shown to be a pleiotropiokirte that

can have both praand antiinflammatory properties. The functions of-16 are likely
dependent on the presence of surrounding cell types and cytokines in the
microenvironment[237]. Because pHEMA induced very low maturation marker
expression and low secretion of cytokines and chemokines that are typically elevated in
inflammation, the pHEMAreated DCs likely producedL{16 as a part of anti
inflammatory response.

The production of the other seven cytokines by DCs did not follow a clear trend
based on the same ordering of pMAs in thaxis (Figure6-4), but the low amounts of
cytokine release are clustered to the left while the higher amounts clustered to the right,
which is consistent with the DC maturation represented by NFarticulaly, this set of
pMAs induced differential levels of HL b Fig@re 6-4A), IL-1ra (Figure 6-4D), IL-10
(Figure6-4E), IL-18 (Figure6-4C), and MIR1 UFig(re6-4G) secretion. Most notably,
besides TNFJ Figure 6-3B) and IL-8 (Figure 6-3D), pIBTMA induced the highest

levels of I-1 b ,-18)ahd MIPLU production by treated DCs

treatments. Since pIBTM#Areated DCs also expressed high level of MFgah be
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concluded that pIBTMA potentially induced the highest level of DC maturation among
these pMAs examined Anti-inflammatory cytokines Itlra and [110 increased with
enhanced DC maturation as well. Most likely, these-iaflammatory cytokines have

been naturally wpegulated as a negative feedback to modulate the inflammatory
responsg218]. Interestingly, pHEMA induced werow levels of all these cytokines

and chemokines; in some cases, the levels were even lower than those induced by iDCs.
IL-15 was only detectable in one of the six donors and the data were not shown.

PCA was applied to the dataset that contains be&tDIC phenotype and material
property information to draw correlations among the variables. PCA reduced the
dimensions of the dataset into lower dimension space to facilitate the analysis of latent
relationships. Most of the cytokine variables were-ttagsformed due to the muilti
magnitude differences induced by the pMA treatments. Adomeponent PCA model
was the most optimal to represent the original dataset in the new principal component
space with R= 0.78 and = 0.61. These values are excetléor this dataset, which
contains many phenotypic and material property variables (29 variables) and large donor
to-donor variations, particularly in the cytokine profiles. pMAs were spread along PC1
in the score plot roughly based on their effects @ maturation, so PC1 was coarsely
defi ned as t heFigretHh)u PCAtallowsrthe emultilirseasiorfal data
to be projected onto this neded PC space for easy visualization of the correlations
among the variables.

The loading plots represent the correlations among the varidkitpsd 6-6B).
Consistent with the experimental results, all the phenotypic variables associated with DC
maturation formed a cluster and located diagonally opposite fref® IEigure 6-6B).

The strong association of the phenotypic variables suggests that high redundancy exists,
and potentially only a few of these variables need to be assayed to obtain general
phenotypic infomation about DCs. Overall, all the carbon bonds located at positive PC1

but the oxygen bonds at negative P®Ig(re 6-6B). As expected, theoreticXPS
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values mostly clustered with experimental values regardless of whether beta carbons
were taken into account during peak fitting. Material properties such, ag;,Rand
surface area located primarily close to the origin of the loading plots, timdj¢hat these
variables are not important in predicting DC response. In conlight,S, is associated

with lower DC maturation in this pMA libraryr{gure6-6B). S,is computed across the
entire area in the field of view, while,Fonly measures the roughness along some
arbitrary line across a surface. For a uniform surfag@an@ S are expected to be very
similar, but this may not be the case o heterogeneous surface. Since the pMAs were
solvent cast into the PP plates, the formation of the films meshomogeneous, and
therefore $should be a better roughness variable for such surfaces. Generally speaking,
the carbon bonds located in a quadrant was diagonally opposite from the oxygen bonds in
all the loading plots Rigure 6-6B), indicating that surface carbon and oxygen -anti
correlated each other in terms of inducing DC maturation. Interestingly, increase in
contact angle was associated with low DC maturation for this setMéfsp It is
important to note that the range of contact angle for this set of polymers was7i1722.
Therefore, the conclusion drawn in the PCA model is only valid for this range of contact
angles. The higher contact angles (close to 71.2°) areasitoilthat of TCP$238],

which is known to be suitable for most cell cultures and may be approximately the
optimal contact angle®r maintaining DC immature state. However, close inspection of
Table6-3 indicated that no strong correlation exists between DC maturation and@tconta
angle, but pMAs with higher contact angles do group towards the |&thié 6-3 with

pMAs such as pHEMA and pHPMA that caused low DC maturation.

Figure 6-7 indicated that although the model was best fitted with five PCs, the
variations in MF and most of the surface chemical composition variables were well
captured by the first two PC$igure 6-7A). In contrast, most of the cytokines and
chemokines were still poorly modeled after five PEg\re 6-7B), presumably due to

the large high doneto-donor variations that introduced significant noise to model.
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Subsequently, predictive models were constructed in an attempt to predict DC
phenotyg using PLSR. PLSR is very similar to PCA; the major difference is that in
finding the optimal PCs to describe the variations in thblo¢k, the algorithm also
maximizes the correlations between theaXd Y-blocks, and the resulting model can be
used topredict outcomes of future experiments. Because MF was determined from PC as
the best DC phenotypic variable that could be moddtegli(e 6-7), a R.SR was first
developed to correlate material properties and MF variations. To begin the modeling, all
material variables were included into theb¥ck. From this initial model, pruning steps
were implemented to exclude variables that have little irapod or reliability to reduce
the X-block, including C=0 contamination TR, surface area, and a few others. Such
procedures were successful in creating a model with R0.63 and ® = 0.58 with
model significance of palue = 4.4 10*2, which wasable to predict future experiment
with a high Rpredicion = 0.76 an®’predicion = 0.75 Figure 6-8E and Table 6-4). As
expected, the scord-ifure 6-8A) and loading Figure 6-8B) plots resulted in similar
conclusions as in the PCA model, with MF being the most strongly associated with
surface carbon due to its proximity with carbon bondthenloading plot Figure 6-8B).

In addition, MF were ariorrelated with surface oxygen by locating at opposite
guadrantsKigure6-8B).

Interestingly, theoretical values for XPS were weighted more heavily to the PC
space Figure 6-8C-D) with higher VIP (Table 38S) as compared to the experimental
values. A possible explanation is that XPS has large inherent errois5(8%), which
affects the projection of these variables onto the PC spfaicee this set of pMA films
was prepared from bulk materials without further modification, the surface chemical
composition should be similar to the bulk composition unless serious contamination is
present. The theoretical values might actually reflectoae accurate estimation of the
surface composition, while the experimental values contained extra instrumental errors

that affect their projection onto the model. However, XPS was still valuable to ensure
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that the material surfaces were not contaminatedng regular storage. If surface
modification was implemented, XPS must be performed to obtain a better estimation of
surface chemical composition for model development.

After removing either set of experimental XPS values, the model was improved to
have prediction regression coefficient dbRiiction= 0.71and2%yredicion= 0.70(if the set
of experimentXPS valueswithout beta carbon fittingGT] was removed and ﬁpredicﬁon
= 0.77 andzzprediction = 0.77 (if the set ofexperimentalXPS valueswith beta carbon
fitting [UT] was removell respectively. This further supports the hypothesis that
experimental XPS values could deteriorate the predictive power of this PLSR model, and
that the theoretical values of surface composition mayth®e most informative.
However, experimental XPS is expected to be necessary to determine the actual surface
composition if surface modification is performed on the materials.

Analogous models for cytokine and chemokine level prediction were found to be
poor in performance with & < 0.55 and &<0.4 and were not able to predict outcomes
in future experiments, likely due to the high dotmdonor variations in cytokine
profiles.

PCA indicated that a strong covariance exists among the phenotypic vaitbles
are associated with DC maturation, suggesting their strong redundancy and that a Y
block that contains all the DC response variables would be suitable (because it can be
reduced to lower dimensions). However, a PLSR model built with a folb¥k resulted
in a poor model (R = 0.37, @ = 0.33). Although this model has poor predictive power
for the cytokines and chemokines, it was quite effective in predicting Fkﬂ,;%ecﬁction:
0.71) Again, this confirms that MF was the only predictable phenotyariable among
those assayed.

Since theoretical XPS values appeared to be the most important in predicting DC
response for the pMA library, a simple model with only these variables as-i@ck

was developedHigure6-9). The resulting threeomponent model had fair performance
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with R?Y = 0.61 and ® = 0.58 with model significance of-yalue = 2.3 10'°. This

model could predict MF levels ifuture experiments with Bregiciion= 0.80 an®prediction

= 0.79 Figure6-9E andTable6-4). Similar to the previous PLSR model, cytokine and
chemokine levels were not predictable in analogous models. In addition, a model with a
full Y -block was able to predict MR{predicion= 0.79) but not cytokines and chemokines.

When experimental XPS values were used alone to construct the model, the
resulting models performed prediction pooflable 6-4). If both sets of experimental
XPS valueqi.e. experimental XPS values with beta fitting [UT] and without beta fitting
[GT]) were used, the model could only predict future outcomesatiRon= 0.26 and
22prediction: 0.25. fthe set of XPS values without beta carbon (fitted in GT) was used
only, the predictability was merely’Reiction = 0.24 and®yredicion= 0.23. If the set of
XPS values with beta carbon (fitted in UT) was used only, the predictability was
improved toRprediction= 0.32 an®Zpredicion= 0.31. Furthermore, theymlues for these
models were at least five magnitudes lower than the previous models. Therefore, at least
in this study, theoretical XPS values were the most informative for the predittidG
response based on material characteristics.

Altogether, these results demonstrateevanations exist between DC response
and material properties as demonstrated by PCA with surface chemistry being the most
influential in resultant DC response. Mamportantly, DC response can be predicted by
basic material properties. However, not all phenotypic variables are predictable. In this
study, MF was a predictable variable, while none of the cytokines and chemokines was
predictive. A potential explatian for the lack of predictability of cytokines and
chemokines could be that these molecules are the most downstream in the inflammatory
response and are subjected to very complextpasscriptional controj239] as well as

degradation upon release into the culture medium. Large dowomor variations

mi ght be caused by the individuaéceytokine ni que
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release. These napecific variations cannot be projected onto the PLSR models well
and distort the model; therefore, they cannot be used for future predictions.

This study also demonstrated that an overall DC response represented by MF can
be predicted using only theoretical chemical composition values. This has very
significant implications for future biomaterial design. Researcher may potentially design
a polymer based on the optimal ratios of chemical bonds to achieve a certain @rget D
phenotype and save many research dollars that would otherwise be spent on the testing of
unnecessary polymer formulations. It is important to note that these models did not
differentiate aromatic rings from single-@ bonds (as in XPS). A model with neo
complex chemical structure information is expected to have more predictive power.

A combined model with the Ti data from Chapter 5 did not result ursable
model, because the Ti dataset contain much fewer variables as ednpdne pMA or
terpolymerset, which led to darge number of nerandom missing valuei® the data
blocks In addition, the measured outcome for the Ti set (CD86) and for the pMA or
terpolymer set (MF) were different variables that cannot be combitedhe future,
consistentvariables should be measured for all the materials befaremgrehensive
model can be constructddr the desired set of experimental outcomes as based on
material properties, consistent for all samples

Several limitations of the models exist. Firshetmodels were able to
differentiate therelative DC response that can be induced by a set of polymers, but they
do not suggest particular levelof DC response. Therefore, these models are the most
useful for theoretically predicting the effect of a sepolymers on DCs, from which the
researcher can choose materials that induce low, medium, or high DC maturation and
perform further experimentation to verify the prediction. Second, the models were tested
on acrylate and methacrylatbased materialthat contain only carbon and oxygen with
strong predictive robustness. The models were not as effectively in predicting DC

response to PP surface (data not shown) or materials from a different category. A model
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can only predict what it is trained oitherefore, predictive PLSR models are expected to
be required for different classes of polymers, although a model developed with very large
dataset composed of different classes of materials may be explored for its predictive
power. Third, this model did ndake into account other important material properties
such as polymer swelling, which could be an important material property that directs DC
response. It is noteworthy that pHEMA did noticeably absorb cell culture medium to a
greaterextent than othepMAs, which could have contributed to its rimflammatory
properties. However, polymer swelling is often measured using bulk materials and the
results might not be applicable to coated thin films. More reliable evaluation methods for
the swelling of pafmer thin film should be employed. Finally, immune response is very
complex with different polarization, including,I;, Th2, Thl7, and Teq[72,240242], DC
response based on surface marker expression can only capture a part of the response.
Despite the limitations, these predictive models can assist future biomaterial
design for the applications in tissue engineering, vaccine delivery, or cancer therapy,
where effective and appropriate immune response is required. Potential immune
response approximated by DC maturation factor can be predicted based on polymer
formulation before any experimentation is performed, which is expected to expedite the

advances inmmuno-modulatory biomaterial design.
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CHAPTER 7: DIFFERENTIAL POLYMET HACRYLATE -
INDUCED DENDRITIC CELL PHE NOTYPESARE
ASSOCIATED WITH DISTINCT TRANSCRIPTI ON

FACTOR ACTIVATION PR OFILES”™

7.1. Introduction

DCs are critical in mediating-€ell polarization for optimammune response by
creating the proper cytokine microenvironment focell priming [58,192,193] The
different cytokine profiles have been long known to be mediated through the specific
ligation of different TLRs with distinctypes of pathogenic molecular mot[9]. For
instance, DCs triggered through TLRs 7, 8, and 9 produced betR HKnd interferon
(IFN)-U; DCs tri gge-3 patuce mosty IF§Jn TICR triggered
TLR-5 produce mostly IL12p70; DCs triggered through T4 Rroduce mostly [£12p70
and a little IFNU . Al'l of these TLRs induce Th1 i
contrast,DCs stimulated through TLR produce little 112p70 but copious H10,
shifting the balance towards,Z'T,q profile [69]. Although TLR ligands are widely
considered to promote protective immunity against pathogens, the ligation of certain
ligand, such as zymosan, with TERon DCs supports the induction ofg rather than
Thl or T,17 cells via TLR2 but induces J1 and F17 autoimnune responses when
signaled via decthi [243].

TLR agonists polarize DCs to induce distinct fesponses via differential
modulaion of signal transductior]69,244,245] For example, TLRl and TLR5

agonists, LPS and flagellin respectively, signal through p38 ahuoh ddterminal kinase

” Adapted and modified from Kou PM, Patel R, Cunningham B, Pallassana N, Kohn J, Babensee JE.
Polymethacrylates mediated differential dendritic cell phenotype through distinct transcription factor
activation profiles. In preparation Biomaterials
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1/2, while TLR2 agonist, Pam3cys, stabilize the transcription f4dti) cFos [245].
Different stimuli, including IFNo , ATP, ADP, Cr O, and LPS,
dynamic TF activation in XS¥6 murine DC ling246]. Therefore, DCs respond to the
environment through the sensing of PRRs that trigger differential modutdtsignaling
pathways, the combination of which determined the polarization and outcome of the
immunity.

Previously, the phenotype of DCs was shown to be modulated by the biomaterials
used to treat the DCs via a biomaterial adjuvant effect, and moretanfly, the in vitro
observations were translated intovivo response$3,4]. These studies suggested that
biomaterials can be used to modulate DC phenotype, thereby controlling asswciated
vivo immune response to the biologic components in combination products such as
tissueengineered constrtgcand vaccines.

Although integrins[121], TLR-2, TLR-4, and TLR6 [247] have recently been
shown to play a role in mediating DC resportbe, exact mechanisms by which DCs
recognize and respond to biomaterials remain to be elucidatéde effects of
biomaterals of DCs are directed via the presentation of proteins adsorbed on the
biomaterials, which then interact with the DCs to trigger differential respda48%
Understanding the mechanistic basis of how DCs respond to different biomaterials is
expected to facilitate the selection or design of materials that direct a desired immune
response. For instance, biomaterials may be ttméxdgger 1 or T,17 responses for
maximal protective immunity against a vaccine, or indugg for host acceptance of
donor cells in tissuengineered constructs. In this study, two different pMAs, pHEMA
and pIBTMA, with previously observed opposite effects on induced DC phenotype
(CHAPTER 6,[249]) were used to treat DCs for various time pomutsl were found to

differentially affect DC maturation through distinct TF activation profiles.
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7.2. Materials and Methods
7.2.1. Synthesis of pMAS

pHEMA was purchased from Sigma Aldrich and used as is. pIBTW&s
synthesized in house at the Kohn laboratory at Rutgers University, using reversible
additionfragmentation transfer (RAFT233]. The polymerization was carried out using
an automated parallel synthesizer. Briefly the synthesizer was inertized by five cycles of
evacuation under vacuum at 220 and degassed monomers in desired molar ratios,
stock solutions of AIBN and-2yanoprop2-yl dithiobezoate and solvents were charged
to the reactors that were vortexed at 600 rpm &€ 7#0r 20 hrs under Argon. The
reactors were cooled to RT and the polymers were precipitated manually and dried under

vacuum for more than 24 h at°€d
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Figure 7-1: pHEMA and pIBTMA were selected from a previous study, where pHEMA was shown to
induce a low level of DC maturation, whereas pIBTMA induced a high level of DC maturation as
represented by the metric CD86/DESIGN.
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These two pMAs were selected from a set of twelve pMAs, which was previously
found to induce differential DC phenotyfi249], because they induced the two extremes
of DC maturation (CHAPTER 6). Specifically, pHEMA induced the least mature DC
phenotype, whereas pIBTMA induced highly mature DCs based on surface maturation
marker expressiorF{gure7-1). Furthermore, cytokine profiles induced by pHEMA and
pIBTMA also supported this polymer selection. pHEMA induced low levels of all the
cytokines and chemokines, exceptlb, analyzed, while pIBTMA induced high levels
of all the maturatiorassociated cytokines and chemokines but induced low levels of IL

16 (Figure6-3 andFigure6-4 in Chapter 6).

7.2.2. Coating of pMA in 9@vell plate

The coating procedure was performed as describ8ddtion 6.2.2.

7.2.3. Human dendritic cell culture from purified monocyte population

PBMCs were isolated in the same manner as in section 4.atcandance with
an updated protocol H10011 of the Institutional Review Board of Georgia Institute of
Technology. To generate a pure DC culture, monocytes were isolated from PBMCs
using CD14 microbeads (Miltenyi Biotec, Auburn, CA) following the manufagw 6 s
instructions. The purity of monocytes was routinely >95% by monoclonal CD14
antibody (clone TUK4, mouse Ig& Miltenyi Biotech) staining. Ten milliliters of
monocytes were plated in a Primaria 1@0 mnf tissueculture dish al concentration
of 13 10° cells/ml in DC media. After 2 h of incubation at 95% relative humidity and 5%
CO, at 37°C, the dishes were washed 2 times with warm DC media to remove the
dead cells caused by the isolation proceduree fBmaining adherent monocytes were
incubated with 10 ml/plate fresh warm DC media, supplemented with 1000 U/ml GM
CSF and 800 U/ml 14, for 5 days to induce the differentiation of monocytes into
immature DCs (iDCs). The purity of DCs (CDIRC-SIGN') was consistently >95% by
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dual staining with monocl onal CDla (clone
Diego, CA)) and DESIGN (clone 120507, mouse lgf R&D Systems, Minneapolis,

MN) antibodies and analyzing by flow cytometry (Appendix 2).

7.2.4. Exposte of DCs to coated pMAs in 96ell plate

On day 5 of culture, DCs were harvested and resuspended in DC media with 1000
U/ml GM-CSF and 800 U/ml 44 at 3 10° DCs/ml. 150 pl of cell suspension (7.50*
DCs) was pited on pMA coatings in each well of a-@@ll PP plate. The reference
controk were cultured on TCPS 9¢ell plate in parallel: untreated iDCs for the negative
referencecontroland LPS (100 ng/mfireated mDCs for the positive referermmntrol
In order to collect enough cells for nuclear extraction, 12 wells for each treatment were

used. Separate 96ell plates were used for different time points: 3, 6, and 11h.

7.2.5. Cell imaging

DC morphology was captured in the-@@ll plates at the indicateime points
immediately prior to cell harvest for nuclear extraction. Images were collected with
Olympus IX71 inverted microscope (Olympus, Center Valley, PA) and kRage

Express software (MediaCybernetics, Bethesda, MD).

7.2.6. Nuclear extraction ofCs

All procedures were performed on ice unless specified. At each time point, DCs
were collected from the 9&ell plates and pooled into 48l conical tubes according to
treatments. The wells were washed 1x with 150 pcmd D-PBS and the residuaglts
were collected into the corresponding tubes. To remove the adherent DCs, 50 pl of ice
cold cell dissociation buffer (Sigma) was added into each well and incubated for 15 min,

with gentle tapping of the plates at 5 min intervals. The cells werdquebe 500 g at
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4°C and were transferred to Eppendorf tubes. After one wash wRB3) nuclear
extraction of the differentially treated DCs was performed using the Panomics Nuclear
Extraction Kit (Af fymetri x, Santa Cl ar a,
Briefly, Buffer A was used to disrupt the cell membrane and release cytosolic contents
and nuclei. After removing the cytosolic portions, the nuclei were incubated with Buffer

B for 1 h to disrupt nuclear membranes and release nuclear contents. The nuclear
extracts were stored in small aliquots-80°C immediately. One of aliquots from each
treatment was thawed for protein quantification. Although the manufacturer recommends
using the BieRad DC Protein Assay, the dynamic range of this assay was foured to b
narrow in Buffer B, and it routinely ovasstimated the protein amounts. Instead, the
protein contents were quantified using Bradford Reagent (Sigma), which was found to

not interfere with the Buffer B in the nuclear extracts.

7.6.7. Transcription fdor (TF) Plex Assay

A customized Procarta Transcription Factor Plex (Affymetrix) was used to
evaluate the profile of the transcription factor activation of DCs upon treatment with
di fferent bi omaterials foll owi ngnaljwzdden manuf
this study included N\ B ( nu c | e a r-light-chainterdhancerk ad pcpivated B
cells), ISRE (interferorstimulated responsive element), ARactivator proteirl), E2F
1, CREB (cAMP response elemerihding), GR/PR (Glucocorticoid / progesone
response element), NFAT (nuclear factor of activatecklls), and HSF (heat shock
factor). Briefly, the nuclear extracts were incubated with 10 pl probe mix containing
biotin-labeled double stranded oligonucleotides (TF binding site). TFs boutitkse
oligonucleotides were recovered, and the bislreled probes were eluted, denatured,
and then hybridized to beads conjugated with the complementary oligonucleotides.

Subsequently, the beads were incubated witkcétfugated streptavidin. The sples
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were analyzed using a Bioplex 200 instrument with-Biex Manager 4.0 software. The

signal of each TF was normalized to TFIID, a ubiquitous TF complex.

7.6.8. Surface marker expression by flow cytometry

On Day 5, DCs were treated with pMA coatB@® plates or TCPS reference
control plates with eight wells used for each treatment. After 24h, the DCs were
collected in the same manner as for nuclear extraction and resuspend -stdfiteaed
0.1% BSA and 2mM EDTA in PBS, pH 7.2 (cslaining bufér). The cells were stained
for 30 min with fluorescentiabeled monoclonal antibodies for CD83 (clone HB15a,
mouse 1gG,; 9 ; | mmunotech, Marseill e, Friparce),
Ancell corporation, Bayport, MN), DGIGN (R&D Systems), CCR7 @he TG8/CCR7,
mouse 1gG,; o ; Bi ol gend) . CD83 is a maturatiot
molecule, and CCR7 is a chemotatic receptor responsible for homing to the lymph
organs. These surface markers are typicallyegulated upon DC maturation. BC
SIGN is an endocytic receptor that is devegulated in response to LR8mulated
maturation[250]. For Annexin V and propidiunodide staining, DCs were stained in
Annexin V binding buffer following manuf ac
samples were analyzed using a BD LSR flow cytometer (Beckton Dickinson, San Jose,

CA) and FlowJo software (Tree Star, Ashland, OR).

7.6.9. Statistical analysis

To observe any significant differences between all sample groups in pairs, a pair
wise oneway ANOVA followed by Tukey post test was performed using the GraphPad

Prism 5 software (La Jolla, CA), and thegue 0.05 was consided significant.
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7.3. Results

7.3.1. Contact with different pMAs induced distinct DC morphologies

As shown in Figure 2, iDCs cultured on TCPS exhibited a rounded morphology,
whereas mDCs (TCPS+LPS) possessed extended cellular projections. When in contact
with pIBTMA, DCs exhibited some extended processes consistent with a mature
phenotype, though nadio the extent as LRBduced maturation. DCs treated with
pHEMA were even more rounded than those cultured on TCPS. Interestingly, in the
presence of pHEMA, the effect of LPS on DC morphology was completely abolished.
DCs treated with pHEMA with LPS eithited the same morphology as compared to
those cultured on pHEMA alone. These morphologies were observed by 3 h and

maintained through the time course of the study until 11 h.

7.3.2. pMAs differentially affected surface marker expression on DCs

CD86 exyression on plIBTMAtreated DCs wasignificantly higher as compared
to pHEMA-treated DCs Kigure 7-2), which is consistent with the NdB act i vat i c
results. The expression of CD83, CCR7, and®IGN by DCs was not different among
the iDC referenceontroland the two pMAs examined for DC treatment. As expected,
LPS treatment alone induced significant-negulation of CD83, CD86, and CCR7
expressiorbut not DGSIGN expression. Interestingly, consistent with the results from
TF profiling, the presence of pHEMA completely abolished the effect of LPS stimulation
on DCs, and maintained surface marker expression of these DCs at levels similar to

pHEMA treatment aloneRigure7-2).
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Figure 7-2: Surface expression of maturation markers by DCs treatedwvith different pMAs as
compared to the referencecontrols. Geometric mean fluorescent intensities (gMFI) are shown for n =
3 donors (mean £ SEM). **: p<0.01, *** p<0.001.

7.3.3. pMAs induced different TF activation profiles in DCs

Treatment of DCs wit pIBTMA induced the activatonof NB B as compar ed
treatment with pHEMA by 6 h, and the statistical significance of the difference increased
by 11 h Figure7-4A). AlthoughNFe B | evel s i nduced by pHEMA
statistically different from TCP&eated iDC by 6 h or 11 h, treatment of DCs with
pHEMA appeared to suppress FB b y Astexphcted, LPS strongly activated NF
9B i n DCshy® h and the levels of activation increased over tifigrie 7-4A).
As expected, LPS induced higher levels of ARctivation by 6 h as comparéo TCPS
and pHEMA, but the difference became insignificant by 11 h time pbigtife 7-4C).
pIBTMA did not affect any other TFs examined.
pHEMA also induced the activation of a number of other TFs, including TFs that
have been associated with pnflammatory response such as ISREg(re 7-4B) and
HSF Figure7-4D), TFs that have been linked to suppression of DC maturatmn as
E2F1 (Figure7-4E) and GR/PRKigure 7-4F), as well as celtyclerelated TFs such as
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NFAT (Figure 7-4G). Treatment of DCs with pHEMA induced higher ISREg(re

7-4B) activity as compared to TCPS or pIBTMA by 6 h, and induced higher HigEré

7-4D) and E2F1 (Figure7-4E) activation as compared to TCPS, LPS, or pIBTMA. The
activation of these TFs maintained high levels of activation through to the 11 h time
endpoint of the experiment. In addition, pHEMA treatment of DCs induced higher levels
of GR/PR activation by 6 h time point compared to LPS stimulation, and the activation
was maintained by 11 hFgure 7-4F). pHEMA treatment induced a higher levels of
NFAT compared to TCPS only at 11 h time poiRig(re 7-4G). The activation of
CREB was not affected by any of the treatmeRigure 7-4H).

Interestingly, the effect on the TF activation on DCs from the presence of
pHEMA was dominant over maturation stimulus, LPS. DCs treated with either pHEMA
or a combination of pHEMA and LPS exhibited nearly identical TF profildgch were
distinct from LPSinduced TF profile in DCsHigure 7-4). The effects of the different

treatments on TF activation profiles of DC arenswarized inTable7-1.
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Figure 7-3: DC exhibited distinct morphologies after cultured with different treatments. TCPS
treated iDCs exhibited a rounded morphology,while LPS treated mDCs have extended cellular
processes. Both pHEMA and pHEMA+LPS maintained a rounded DC morphology, while pIBTMA
promoted a morphology more similar to mDCs. These morphologies were maintained throughout

the time course of the study.
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Figure 7-4: Activation of TFs of differentially treated DCs. A) NF-a B,

HSF, E) E2F1, F) GR/PR, G) NFAT, and H) CREB. N

p<0.01, ***: p<0.001
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Table 7-1: Summary of the effects of different treatments on TF activation of DCs as compared the
TCPS-treated iDC referencecontrol at different time point. The three time points (3, 6, or 11 h) are
each hdicated by an arrow sequentially, respectively.

TCPS +LPS | pHEMA pHEI';"SAJ’ pIBTMA
NF-2 B 299 272272* 277 299 *
ISRE 777 299 299 277
AP-1 29y 7 277 277 2717
HSF 777 299 299 277
E2F-1 YAy zyy zy9 2717
GR/PR 277 2979 2979 2772
NFAT 7772 299 299 277
CREB 2277 277 2277 277

*»the NFeB activation was not significant conrmpBared to

induced by pHEMA and increase of NFB i nduced by statistical

pHEMA and pIBTMA.

pl BT MA,

7.3.4. pHEMA, but nopIBTMA, induced apoptosis of DCs

After 24 h of treatment with the biomaterials, pHEMA treatment of DCs resulted
in more annexin V single positive DCs, which were apoptotic DCs, as compared to iDC,
mDC, or pIBTMArtreated cells Kigure 7-5A). Furthermore, the pHEMAreated cell
populations also had more annexin V/PI double positive cells, which werstdgie
apoptotic or necrotic cells, as compared iRC, mDC, or pIBTMAtreated cell
populations(Figure 7-5B). Over 80% of the pHEMAreated DCs were annexin V/PI
double positive after 24 h, suggestithis time point was too long to capture early
apoptotic events. Howevdfigure7-5A suggested DCs treated with pHEMA underwent
apoptosis. Intereisigly, a combined treatment of pHEMA and LPS led to even more
annexin V or annexinV/PI" cells as compared to pHEMA treatment alonéo
difference in the levels of apoptosis was observed among IDC, mDC, and plBTMA

treated DCs, and the percentage of desl$ was low for these treatmenigure7-5).
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Figure 7-5. pMAs induced differential levels of @Il death by 24 h. DCs were treated with the
indicated treatments for 24 h and were harvested for doublstaining of Annexin V-FITC and Pl. A)
Annexin V single positive early apoptotic DCs and B) Annexin/Pl double positive late apoptotic or
necrotic DCswere quantified with n = 3 different donors (mean + SEM). Brackets indicate p < 0.01
between treatments.

7.4. Discussion

DC phenotype was previously shown to be differentially modulated by treatment
with twelve distinct pMAs in a combinatorial libora(CHAPTER 6). Two pMAs, one
induced a highly mature DC phenotype and the other promoted an immature DC
phenotype, were selected from the library for this study. Differentially treated DCs were
imaged for their morphology, and then the nuclear extracte mepared from the cells
at various time points. As expected, throughout the time course of the study, DCs treated
with pIBTMA exhibited extended cellular processes similar to the DCs treated with LPS
(mDCs). In contrast, DCs treated with pHEMA coasired a round morphology, and in
fact, more rounded than TCR®ated iDC referenceontrol suggesting their lack of
maturation. Surprisingly, DCs treated with pHEMA and LPS exhibited morphology
similar to the DCs treated with pHEMA alone. Furthermane, éxpression of surface
maturation markers by DCs was consistent with the differential morphologies induced by
the different treatments. Specifically, CD86 expression on plIBiiMated DCs was

significantly higher as compared to pHEMiteated DCs Kigure 7-2). Similar to the
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morphology results, the presence of pHEMA completely abolished the activating effect
of LPS on DCs and maintained the levels soirface marker expression similar to
pHEMA treatment alone. Therefore, consistent with previous results, pIBTMA, but not
p HE MA, promoted DC maturati on, and the p
response to LPS.

It is interesting to note that the effect@BTMA was not as strong on the DCs
derived from a purified cultureF{gure 7-2) as compared to the DCs derived from a
heterogeneous culture that alsontained B cellsKigure 7-1). This result was as
expected because B cells have been found to release cytokines and natural antibodies that
aid inmonocytederived DC migration, differentiation, and maturation, suggesting that B
cells can support DC functiofl74,176,211] However, a purified cell culture was
needed in this study for nuclear extraction to obtaindp€cific activation of TFs.

To correlate thedifferential effects of biomaterialso DC phenotype, TF
activation profiles of DCs treated with these different pMAs were analyzed and compared
to the TF profiles of the iDC and mDC referenmentrok (Figure 7-4). By 6 h of
biomaterial treatment of DCs, though not statistically significant, pHEMA appeared to
induce less, while pIBTMA induced moreF-a B acti vati on compared
iDCs. However, DC treatment with pIBTMA induced dFB acti vati on, w t
significantly higher than that induced by pHEMA treatment, and this difference became
more significant by 11 h. As expected, DC treatimwith LPS induced strong N&- B
activation, which increased over time during the time course of the Jtigly¢ 7-4A).
DC maturation was previoysshown to be associated with the-dfB p a {251)aady
is required for STAT4 expression, critical in H12 mediated {1 polarization, during DC
maturation[252]. Furthermore, N6 B si gnaling is induced by
supports survival and maturatiohmonocytederived DC4253-255]. NFe B al so pl a\
an important role in the production of CCLIZ66], a chemokine whose production is

enhanced in mDCs, regulating migration of mDCs, and is involved in naive T cell
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recruitment to the vicinity of mDCs in the T cell zones in lymph nd@&§,258]

Therefore, consistent with phenotypic outcomes, theaN&= pr of i | es i ndi c
pIBTMA treatment indued DC maturation, at least in part, throughtheeNB pat hway.
In contrast, treatment of DCs with pHEMA resulted in lower-&B act i vati on |
which might be partially responsible for maintaining the iDC phenotype of pHEMA

treated DCs. The lower ag#ition levelsof NFe B may cause the i mbal:
controls DC survival, which resulted in the increhapoptosis of DCsHigure7-5A).

AP-1 has previously been shown to be involved in the increase in MHC class Il
expression in DCs after LPS stimulatif#59] and regulate the expression of2B p19
promoter act[golalb28nisnrBieased by MiOs and
infection and is critical for the generation of1¥ immune responsR61-263]. Thus,

AP-1 is generally associated with DC maturation and is consistent with our expetimenta
result that LPS induced higher APactivation by 6 hRigure 7-4C). Although not
significant, pIBTMAtreated DCs appeared to induce increaseel ARtivation by 6 h.
However, no difference was observed by 11 h among the various treatrignuise (
7-4C).

ISRE is a specific DNA motif that, in sponse to interferon (IFN) stimulation,
binds transcription complexes formed by hoenw heterodimerized STATs (signal
transducers and activators of transcription) and p48, a member of the IRF (IFN regulatory
factor) family [264]. ISRE has been shown to play a role inregulating CCL19
transcription via IFN signaling in human D256], inducing IL-12p35 gene activation
through binding of IRF3 to ISRE in RAW 264.7 cells stimulated by LPS or Polyl:C
[265], and regulating I£12 production in bone marrederived DCH266]. Therefore, it
seems counterintuitive that pHEMAduced DCs enhanced ISRE activiigure 7-4B)
because pHEMA treatment resulted in low CD86/BIGN ratio Figure7-1) as well as
rounded morphologyHigure 7-3). However, ISRE also plays a key role in mediating

apoptosis[267]. ISRE is responsible for IFNHinduced upregulation of programmed
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deathl (PD1) e x pr e s R68pwhich leads kblagoptosis. As a result, pHEMA
treated DCs possibly enhanced the activation of FBRHiIng transcription factors to
induce an apoptotic response, which is consistent with the decreases adfivity.

The expression heat shock proteins (HSPSs) is increased when cells are exposed to
elevated temperatures or other stress (chemical or physiological) and is primarily
regulated by a family of TFs, HSIF&69]. HSPs and HSFs have been mostly studied in
DCs in the context of thermoregulation. Heat shock induces DC maturation by
enhancing transient phagocytosis, expressiolCbB6 and MHC Il molecules, pro
inflammatory cytokine release, localization to draining lymph nodes, and T cell
stimulation [270]. However, heat shoekduced DC maturation appears to be
independent of HSE or extracellular HSPR71,272] Recently, endogenous HSP90
was shown to have a pivotal role in cross presentation at normal confXr@}s Heat
shock associated with increase in temperature during inflammation or fever has been
associated with enhanced survival from infection and immunological fundi®Jits.

HSPs are molecular chaperones that protect proteins from denaturation and misfolding,
rendering them resistant to strésduced cell damage. In addition, HSPs dhdir
cofactors are responsible for inhibiting the apoptotic and necrotic pathj@2@y$
Interestingly, biomaterials have beempoded to differentially influence HSP mRNA
expression in HelLa S3 cell275]. The authors found that hydrophilic surfaces (cdntac
anglese 20°C i1 65°C) induced higher expression of HSP70A, HSP70B, HSP90, and
HSP70 in HeLa S3 cells as compared to hydrophobic surfaces (contactead@ws i

120°C) [275]. In the current study, pHEMA and pIBTMA were measured to have
contact angle of 69.5°C and 28.7t(oth are in the hydrophilicategory but induced
significant variation in HSF activation. It is unclear why pHEMA but not pIBTMA
induced higher HSF activatiofrigure 7-4D). Poentially, due to the apoptotic response

the DCs experienced via the other signaling pathways, DCs produced HSF as a natural

defense against cell death.
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The E2F family consists of a number of activators and repressors, including E2F
1, E2F2, E2F3, E2F4, and E2F5. EZ2Fs play critical roles in the regulation of cell
cycle progression, differentiation, development, tumor formation, and apof2@8i
Combined loss of E2E, E2F2, and E2FR3 completely abrogates the cell cycle
progression and proliferation of mouse embryonic fibrobl§269], and E2F3b is
sufficient to support mouse embryonic and postnatal developgi2ént E2Fs arelao
pivotal in the induction of apoptotic pathways in célg8]. For example, mice deficient
in E2F1 have a defect in thymocy#gpoptosis resulting in an excess of mature T cells
[279]. EZ2Fs also sensitizes cells to famoptotic stimuli by the disruption diF-o B
signalingviaE2FL 6 s competi ti on with p50 fo#mBRel A/
DNA binding activity[280]. Recently,the role of E2FL in DCs was studied and was
found to suppress DC maturati@B1]. The expression of E2F is transiently down
regulated during LPSnduced maturation of both human monoegtzived DCs and a
mouse DC cell line, DC2.4. Dowmegulation of mMRNA occurs betweeri 3.8 h, while
downregulation of protein level occurs roughly betweeri 98 h. Phenotypic and
functional mauration was observed in DC2.4 cells with the knockdown of-E2fy
siRNA in the absence of LPS stimulatii@81]. Therefore, thiginding is consistent with
our results that treatment of DCs with LPS or pIBTMA did not affect-EZ€tivation
and that pHEMA treatment enhanced ERPBinding by 6 h as compared to the level
observed for IDCs Higure7-4E). Downregulation of E2FL activation in DCs treated
by LPS was not observed in our study, potentially due to the short time course of the
study. pHEMA treatment significantly enieed E2FL binding likely to suppress DC
maturation. The increase in E2F activity may also partially explain the decrease in NF
a8 BFigure7-4A) and te induction of apoptosis of pHEMikeated DCsKigure7-5A).

GR/PR binding element is designed to monitor the induction of glucocorticoid
response element (GRE) through the signaling transduction pathway mediated by GR or

PR. Glucocorticoid effestare mediated through GR, a TF, and result in reduction-of IL
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12p70 and TNF production and impairment of T cell stimulatory function in[BQwia

the inhibition of NFe B a n-H[282].PProgesterone has been shown to have immune
suppressive properties in man and rodents and inhibits mature rat DCs through PR
[283]. Furthermore, progesterone hinders murine DC activation throughtitpgtion of
STAT1 pathway[284]. Interestingly, progesterone modulates T&Rand TLR4-
mediated murine DC maturation differentya]285]. Specifically, progesterone reduced
DC production of IL6 entirely via GR, while [E12p40 production via either GR or PR.
Furthermore, progesterone inhibited 3R but not TLR4-induced CD40 expression
[285]. Glucocorticoid also induces apoptosis tdsmacytoid DCs (pDCs) in patients
and healthy donors, which decreases the levels of circulating [iE88% Therefore,
coherent ewence has confirmed the important role of GR/PR in mediating immune
suppression. In the current study, treatment with pHEMA induced higher GR/PR
activation in DCs by 6 luntil 11 h(end of experimental time coursa$} compared to
iDCs (Figure 7-4F), which is consistent with the lack of maturation of the DCs treated
with pHEMA and suggests that pHEMA has immisuppressive property that
modulates DC furtons. In contrast, treatment of DCs with LPS or pIBTMA did not
induce significant increase in GR/PR activation.

NFATs can be induced by several signaling pathways, including calcineurin and
protein kinase ¢287]. NFAT has been shown to play different roles in DC biology. For
exampl e, NFAT is activated in murine DCs
stimulation via ligatbn of Dectinl, which results in the upegulation of pre
inflammatory mediators such as cyclooxygeraq4€0X-2), IL-2, IL-10, and [l-:12p70
[288]. Recently, spontaneous Cascillations were found to occur in human monoeyte
derived iDCs resulting in calcineurtlependent NFAT translocation into the nucleus.
Such high frequency oscillations are lost during DC maturation and trerisfeAT
activation may be an endogenous characteristic to maintain DCs in the immature state

[289]. Interestingly, another study @his that LPS stimulation induces the -Family
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kinase and phospholipase Co22% aa ¢alciveaini on,
dependent nuclear NFAT translocation exclusively via CD14 in murine DCs. NFAT
activation in mDCs results in apoptosistefminally differentiated DCs, which is critical
in maintaining selolerance and preventing autoimmur@@0]. Our study showethat
DCs treated with pHEMA had higher NFAT activation as compared to iDCs by 11 h of
culture Figure7-4G). pHEMA treatment may trigger NFAT to méin iDC phenotype
or induce DCs to undergo apoptotic death, both of which are consistent with the
phenotypic data. However, treatment of DCs with LPS, as well as with pIBTMA, did not
induce NFAT activation in human monocyderived DCs over the time cae of the
study.

Several pathways are associated with CREB binding, including tamihal
kinase (JNK), p38, and protein kinase A (PH291]. CREB activity is associated with
calcium/calmodulin kinases and CRE coactivators, the activity of which depend$’on Ca
and cyclic AMP level$292]. Calciumcalmodulirdependent kinase IV (CaMKIV) is
expressed in DCs and links TLR signaling with the control of human and murine DC
survival by regulating the temporal expression ofBclThis CaMKIV signaling cascade
controls the activation of CREB and accumulation of Baecessary to support DCs
from apoptosis. CaMKIV null mice have a decreased number of DCs in lymphoid tissues
and are shotlived in response to LPR93]. Furthermore, CREB has been shown to be
involved in the ugregulation of 1-10 in human DCs in response to zymosan, even
though zymosan also strongly activates®NIB ,  wshainegativeiregulator of 410
[294]. Hence, CREB activity is important in modulating immune response. In the
current study, the&ceatments on DCs did not induce significant difference in the context
of CREB activationFigure7-4H). Our results suggest that the pMAs in questio not
actively support apoptosis or modulate immune response through the activation of CREB

during the time course of the study.
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The roles and functions of the TFs analyzed in this study are summarikzablén
7-2. Overall, DC treatment with pIBTMAnduced maturation, at least through the-NF
aB pat hway. Treat ment of DCs with pHEMA
been found to possess immunosuppressive properties such at &&F GR/PR,
consistent with the rounded morphology of these DEigufe 7-3) and immature
phenotype Figure7-1 andFigure7-2). Treatment of DCs with pHEMA also inductu
activation ofan array of TFs that have been linked to apoptosis, including ISRE]L,E2F
GR/PR, and NFAT, suggesting that pHEMA triggered strong apoptotic signals.
Interestingly, HSF, which is induced as a stress response to protect cells from death, was
also induced in DCs by pHEMA treatment. DCs treated with pHEMA potentially
activated KBF as a natural defense against the other apoptotic signals; the balance of
these signals may be critical in determining the fate of the DCs. Presumably, the
apoptotic signals overrode the survival signals, rendering DCs to undergo apoptosis in
responsed pHEMA, but not pIBTMA, treatmentHgure 7-5). DC apoptosis is pivotal
in the maintenance of immune tolerar[@®5]. Defective DC apoptosis leads to the
accumulation of DCs, chronic lymphocyte activation, and systemic autoimnjgagy
In addition, the uptake of apoptotic DCs induces iDCs to secretffGF and pr omot e
differentiation of naive T cells into FoXpregulatory T cells[297]. However, the
evidence of apoptosis from annexin V/PI staining alon€igire 7-5 is not sufficient to
definitively prove the hypothesis that pHEM#reated DCs are apoptotic. Therefore,
additional experiments are underway to probe for the caspase 3/7 activity, which is a
prominent apoptoti pathway, and DNA fragmentation by TUNEL, which is an-stadje
apoptotic evenfl15].

Surprisingly, for DCs in the presence of pHEMA, the effects of LPS on TF
activation profiles were completely abolished. Instead, DCs treated with LPS in the
presenceof pHEMA exhibited very similar TF profiles compared to DCs treated with

pHEMA alone.
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In summary, two polymers from the same class of material can exert very
different effects on DC phenotype, which are mediated through distinct TF activation
profiles, and very likely through distinct receptors and signaling pathways. In fact, recent
reseach using MyD88 and TLR knoetut mice showed that DCs use T2R TLR-4,
and TLR®6 for the responses to a group of chemically and physically diverse biomaterials
[247]. Potentially, pHEMA and pIBTMA presented differential profiles of proteins to
DCs and triggered different receptors for distinct responses. For instance, DCs triggered
through TLRs 7, 8, and 9 produced bothl2 and IN-U; DCs tri gge¥ ed th
produce mostly IFNJ ; DCs tr i gge-b praduce mostty ULg2p70; TDICR
triggered through TLR} produce mostly £12p70 and a little IFND . All of thes
induce Thl immunity and CTL responses. Although TLR ligaare widely considered
to promote protective immunity against pathogens, the ligation of certain ligand, such as
zymosan, with TLR2 on DCs supports the induction ofe$ rather than fl or T17
cells via TLR2 but induces 1 and {17 autoimmune respeas when signaled via
dectinl [243].

In order to effectively elucidate the molecular mechanism of DC response to
biomaterials, dditional experiments should be carried twmtconfirm the effects of the
TFs For exampleblocking or siRNA knockdown experiments should be performed to
decifer the effect, contribution, or time course of each TF in the DC response process
Furthermoe, tracking experiments (e.g. with fluorescent marker) should be performed to
validate that activated TFs indeed translocate into the nucleus to exert the observed
effects

To our knowledge, this is the first study that demonstrated that biomaterials can
modulate DC response through activation of distinct TFs. In addition, biomaterials such
as pHEMA were shown to be strong immunomodulators capable of overriding the effects
of soluble factors and may represent a-pbarmacological strategy for inducing DC

tolerance for applications in regenerative medicine and organ transplantation.
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Table 7-2;: Summary of specific functions of TFs in the context of DC biology based on the literature
cited in the discussiorsection

TFs General roles | Specific functions
NF-a B | DC maturation LPSinduced maturation of monocytierived DCH254]
Cell survival Required for STAT4 expression during DC maturati{#62]
Supports cell survival and rescues cells from apop[@S&255]
Induces production of CCL1256]
AP-1 DC maturation Enhances MHC class Il expressiafter LPS stimulation in DCs
Apoptosis [259]
Regulates the expression of23 p19promoter activation in
M Us[260]
ISRE DC maturation Up-regulates CCL19 transcriptig@56]
Apoptosis Up-regulates 1L12p35 gene activation and-I2 production
[265,266]
Mediates apoptosi267,268]
HSF Heat shock Regulates production of HSPA69]
response HSPs induce DC maturati¢@70]
DC maturation Heatshockinduced DC maturation is independent of HEBr
Cell survival extracellular HSPR71,272]
Endogenous HSP90 plays a pivotal role in cross presentation
normal condition$273].
HSPs inhibit apoptotic and necrotic pathw§/sA]
E2F1 | Suppression of Regulates cell cycle progression feientiation, development,
DC maturation tumor formation, and apoptogiz76].
Apoptosis Controls the progression and proliferation of mouse embryoni
fibroblastd269] and mouse embryonic developm§git7].
Induces apoptotic pathways in cdR58-280].
Suppresses DC maturation in both human moneagteved DCs
and a mouse DC cell line, DCZ281].
GR/PR | Suppression of] Glucocorticoids reduce H12p70 and TNF production and impa
DC maturation T-cell stimulatory function in DCE87] via the inhibition of NF
Anti- 9 B and284.P
inflammatory Progesterone hinders murine DC activation through the inhibi
response of STAT1 pathway[284].
Progesterone modulates TtRand TLR4-mediated murine DC|
maturation differentially285].
Induces pDC apoptosj286].
NFAT | DC maturation Activated in murine DCs anlll Us in response to yeast and
Apoptosis zymasan stimulation via ligation of dectih, resulting in the up
regulation of preinflammatory mediatorf288].
Activated in human iD€ as a result of spontaneousCa
oscillations and may be linked to the maintenance of DCs in t
immature stat§289].
Induces apptosis of terminally differentiated DCs, which is
critical in maintaining selolerance and preventing
autoimmunity][290].
CREB | Cell survival Support human and murine DC survival by regulating2Bcl
Modulation of expression downstream of TLR signali2§3].
immune Up-regulates 110 in human DCs in response to z\sao[294].
response
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CHAPTER 8: CONCLUSION AND FUTUR E WORK

Understanding how biomaterials affect DC phenotype is crucial to the design and
selection of biomaterials for tissue engineering or vaccine delivery applicatibese w
appropriate and effective host immune response is necessary. In particular, elucidating
the material properties that are critical in determining DC phenotype as well as the
molecular mechanisms directing the distinct DC responses to biomaterialsf are
significant importance to material selection for tissengineered constructs or vaccine
delivery vehicles. Therefore, the material propd&ty phenotype relationships and

mechanistic basis for DC response to biomaterials were investigated.

Although flow cytometry is a powerful analytical tool for assessing DC
phenotype, both sample preparation and data analysis aredimeming, especially
when a | arge number of s amplama $oosayadhereatn al y z ¢
nature, traditional celbasd ELISA approaches were not appropriate because of the
expected cell loss during washing steps. To enhance the efficiency in sample processing
and subsequent measurement, a HTPwOb filer platebased methodology was
developed to allow for the screegimf DC phenotype induced by a large number of
biomaterials, particularly from combinatorial librarigdgure4-1). In this methodology,
after treatnent with biomaterials, DCs were transferred to a blackve filter plate,
where supernatants were collected conveniently and the cells remained in the wells were
analyzed for the levels of DC numbdemm d ependent f@Amaturation f a
CD86DC-SIGN, using immunostaining and fluorescent microplate reading. The
supernatants could be used immediately for the analysis of cytotoxicity via the release of

a cytosolic enzyme, G6PD, and stored for multiplex cytokine profiling experiments.
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Therefore,this methodology allowed for the measurements of three cellular outcomes

from a single cell culture.

Using proofof-concept validation experiments, DC responses to biomaterials,
PLGA or agarose films, were reproducibly found to be consistent usingltiispfate
based methodology as compared to the conventional flow cytometry an&iggise(
4-6). This HTP method was also successfully deawsaledto a 384well filter plate
platform with consistent results by Nathan Hotaling in the Babensee laboratory. Besides
biomaterials, this method is expected to expedite screening of DC response to various
other stimuli, including soluble factors, and facti#ahe discovery of treatments that
promote or suppress DC maturation. Furthermore, the analysis of other{@wgehor
adherent cell populations will also find this method beneficial since no cells would be lost
during the assessment of phenotype. isTimethodology is also amenable to
guantification of other endpoints such as intracellular signaling molecules in prepared

cell lysates.

Very well-defined and controlled surfaces were needed to derive the correlations
between material properties and DCepbtype. Hence, a set of clinical Ti substrates,
including PT, SLA, and modSLA, were one systeitially chosen to study DC response
as shown in CHAPTER 4. A major finding of this study was that treatment with PT or
SLA promoted a more mature D@henotype, while DC treatment with modSLA
possessed an immature DC phenotype, as determined by the expression of surface
maturation marker CD86F{gure 5-1) and the production of maturati@ssociated
cytokines and chemokinegigure 5-5 and Figure 5-6). These results also indicated
another benefit of modSLA surfaces for promoting bone formation and integration by
providing a local noanflammatory environmentFurthermore PCA was used to reduce
the multidimensional data space to facilitate the analysis eVac@tions between

material properties and DC phenotypagre 5-8). The primaryconclusion from this
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study was that surface chemistry was the most critical material property in determining
DC phenotype induced by the Ti substrates. In particular, the increase in surface %C and
%N were associated with enhanced DC maturation, whilentrease in %0 and %Ti
contributed to an iDC phenotype. Furthermore, this particular material system suggested
that the increase in surface hydrophilicity was alseamed with less DC maturation.
However, line roughness (B was not important in dataining DC responseF{gure

5-8B). This finding not only offered guidelines for Ti implant design, but it also
suggested that DC response could be correlated to material properties using multivariate
analytical methods. ®h methods are necessary because it is near impossible to vary
only one material property at a time for any biomaterial systems. Whenever one property
(e.g. roughness) is changed, other material properties (e.g. surface energy) also change
inevitably. This challenge causes many traditional ways that attempt to isolate a single
biomaterial property that dictates cell response futile as the relationships generated are
typically not specific to a particular material property. Therefore, in order to cottfem
relationships generated with this set of Ti substrates using PCA, separate sets of well
defined biomaterials should be used for the analysis of DC phenotype. The material
propertyDC response relationships generated by multivariate analysis canbéen

compared to those derived from the Ti substrates.

To generate polymeric material propeRZ phenotype relationships, a more
broadbased biomaterial system was used. This biomaterial system included twelve
different pMAs, selected from a combinatonMA library. The material properties for
these polymers were extensively characterized for surface chemical composition, air
water contact angle, oI surface roughness {Rind §), and surface aredl gble 6-3).

These pMAs were shown to induce differential DC response upon treatment based on the
expression of MF derived using the HTP methodoldgguyre6-3A). In addition, when

the ordering of these pMAs was kept the same in #axix for comparison the
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production of preinflammatory cytokine, TNRJ Figure 6-3B), and chemokine, H8
(Figure6-3D), appeared tooudhly follow the same trend, whilgHEMA induced higher
antrinflammatory cytokine, 1L16, productioncompared to any other treatme(fEsgure

6-3C). This majorresult indicates that materials can be used to fine tune DC response,
and carefully selected biomaterials can potentially direct desired immune responses by

modulating DC phenotype.

Another major outcome from this study was that DC response could letateadr
to material properties by PCAigure6-6). More importantly, consistent with the results
from the Ti substrate study, surface chemical comipos was most useful in
determining DC response. Specifically, surface oxygen and oxgm@aining bonds
such asC-O- and-O-C=0 are strongly associated with an iDC phenotype, while surface
carbon and carbon onKC-C- bonds are strongly associatediwié& mDC phenotype. In

contrast, T, R, and surface area had little influence on DC phenotyjgri(e6-6B).

The most significant contribution ofiis study was that DC phenotype could be
predicted based on the properties of the materials used to treat the DCs using PLSR, a
multivariate analysis method. PLSR performs projection of the data from the original
multi-dimensional data space onto a redupencipal component space in a similar way
compared to PCA. In addition, it contains an added algorithm that also optimizes the
correlations between the X matrix (containing predictor variables) and the Y matrix
(containing outcome variables). A modehs constructed based on the pMA library (as
the fAtraining seto) and could predanct DC
acrylatebased terpolymers (called the prediction set) in terms of the expression of MF
with Rzprediction of 0.76 an®@ prediction = 0.75 Eigure 6-8E). Furthermore, theoretical
values of the chemical composition of the bulk materials were sufficient in the prediction
with even a higher f%redicuonof 0.80 an® predicion= 0.79 Figure6-9E). However, when

using experimental XPS values alone, the model perforenaras very poor. It was
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important to note that the models did not predict the exact level of DC maturation, but the
relative levels of DC maturation induced by a set of polymers. However, this is a
significant result because DC maturation is a relagvet and it is a continuum of, but

not discrete, phenotype. The fact that DC response can be predicted from theoretical
chemical composition will have unprecedented impact on biomaterial design because
rational design and selection isimunemodulatory bomaterials can be performed prior

to lengthy polymer synthesis and material characterization procedures. However,
cytokine and chemokine levels were not predictable variables, presumably due to the
large donotto-donor variation in their production by D@s well as their degradation in

the cell culture medium.

From the two studies with Ti substrates and pMA library, it was consistent that
biomaterial surface chemistry is the most important property that determines DC
response. It is hypothesized thaemistry is the underlying property that dictates the
other properties of the biomaterials, including hydrophilicity, €fc., and more complex
chemical information about the material surfavay offer better prediction for DC

response.

Although biomaterial chemistry is the most critical material property for
predicting DC responsa vitro, many previoustudies have also shown that despite the
differential levels of protein adsorption and skerm leukocyte infiltration induced by
varied surface chemistries, similar long term inflammatory outcome of fibrous capsule
formation was achieveith vivo. For xkample, plyethylene terephthalat®ET) surfaces
functionalized with-OH, -NH,, or -CF; induced different extents of adsorption and
denaturation of fibrinogen. Although these materials also induced different numbers of
total adherent phagocytes dependamgthe functionality NH»> -CFs> -OH) after short
term implantation, the chronic fibrotic outcome was similar among these different

chemistried298]. In another study, tetrafluoroethylehexafluoropropyleneopolymer
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(FEP) films were plasma polymerized with tetraglyme to minimize fibrinogen adsorption
on the surfaces. Howevein vivo studies showed that FEP films with or without
polymerized tetraglyme provoked similar levels of fibrous encapsulaii99].
However, Thevenot et al. hypothesized that théectveness of surface chemistry ion

vivo long-term fibrotic reactions might be due to inefficient interactions between the cells
and surface functional groug800]. By enhancing the ce#lurface interaction using
microspheres with different functionalities, Kamath et al. showed surfacesQ¥tland

-NHz groups induced stronger fibrotic reaction in comparison@8, and -COOH
surfaces[301]. Therefore, in order to translate thesilico predictions intan vivo host
response, biomaterials that cause ewae of DC phenotype should be selected based on
the predictions generated by the computational model. Then, these biomaterials would
first be used to validate the induced DC phenotype upon treatinentitro.
Subsequently, scaffolds or microspheres a#séh biomaterials would be created to
maximize the interactions between the host and the material for optimal biomaterial
effectsin vivo. These biomaterial scaffolds or microspheres with optimal architecture for
host interaction are expected to differallyi modulate host response against the

implanted devices according the biomaterial chemistry.

Although CHAPTER 6 demonstrated that a generalized DC phenotype
represented by the expression of CD86 andIIGN can be readily predicted from
biomaterial proprties, several major limitations exist in this model: a) only relative
levels of DC maturation can be predicted, b) not containing additional important material
properties such as polymer swelling, c) only as good as what material set the model is
trained on for making future predictions, and d) prediction of a generalized response
based on surface marker expression without consideration of immune response
polarization. However, this model represents the first step into predicting immune cell

response. Because a model can only predict what it is trained be, models in
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CHAPTER 6based on pMAs with the same chemical backbones and simple elemental
composition (only C and Ogre not sufficient in predicting DC response induced by a
different class of matials (e.g. pMAs containing nitrogen or polypropylen&uture

work should aim to develop a more comprehensive model encompassing several classes
of materialswith more diverse chemical composition, including elements and functional
groups These polymers will be used to determine DC response in terms of the
expression of MF and will be the Y matrix (outcome) in the PLSR model. More detailed
theoretical chemical compositions, including aromatic rings and double bonds, should be
calculatedand used as the X matrix (predictors) in the model. The multivariate model
with added chemical information is expected to have stronger predictive power for more
diverse polymers. It is expected that in order for such models to perform satisfactorily,
many members of each class of materials need to be included to account for the
covariances. This kind of model would be ideal because it can offer universal guidelines
for future biomaterial development. Alternatively, it is also possiblestadratenodels

need to be developed for the DC response prediction induced by different classes of
materials. In this case, one may need to select a particular computational model suitable
for the biomaterials of interestCurrently, these computational models caty predict
induced DC responga vitro. Ideally, thein vitro responseshouldbe translated into

vivo responses, and tha vivo health outcomes cam turn be predicted. Therefore,
additional work needs to be carried out to address the pogemiatomputational

modeling for immune response prediction

Furthermore, although the HTP method is useful for screening a large number of
treatments to identify fAhito biomaterials
not be as appropriate foradeling purposes. For modeling, more variables are desired to
build the data matrix as a basis in order to identify the variables that can be predicted.

Therefore, though slower, conventional flow cytometry is preferred over the HTP method
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because it cagenerate additional information such as cell size (from forward scatter) and
the distribution of cells being investigated for a specific marker. For example, the
expression level as well as the distribution of cells (e.g. percentage of positive cells) fo
several surface markers that are associated with DC maturation should be measured,
including CD86, DGESIGN, and CCR7 (chemokine receptorfimultaneously DCs

treated with different biomaterials can be analyzed for cell size distribution using the
forward scatter generated by flowtoynetry. Since cell shrinkage candoeindicator for
apoptosig302], material properties that mottially induce apoptosis may be identified

and used to predict biomaterial formulation that can cause apoptosis.

Another major finding from this thesis research was that biomaterials induced
differential DC responses via the activation of distinct T$slescribed in CHAPTER 7.
From the study using the pMA library, two pMAs were selected for DC treatment
because they induced the two extremes of DC maturation (CHAPTER 6). These pMAs
were pHEMA and pIBTMA, which caused the least and most mature DC pymsot
respectively Figure7-1 and CHAPTER B The different DC phenotype induced by the
two pMAs was consistent with the surface expression CB&fule 7-2) and with the
morphology Figure 7-3) of DCs treated with these pMAs. Treatment of DCs with
pHEMA and pIBTMA were shown to induce activation of distinct TFs. Specifically,
pIBTMA inducedhigher activation levels of N6 B ¢ o mp a r e dFigure7-4p)H E MA
In contrast,pHEMA induced the activation of immursuppressive TFs such as ERF
(Figure 7-4E) and GR/PRKigure 7-4F). Furthermore, pHEMAreated DCs activated
the multiple TFof the apoptotic pathways, including ISREdure7-4B), NFAT (Figure
7-4G), and E2FL (Figure7-4E), suggesting that pHEMA maintained iDC phenotype by
promoting DC apoptosis, which is knownitmluce DC tolerancf95]. To verify this,

DCs were stained for apoptotic marker, annexin V, after treatment with pHEMA or

pIBTMA for 24 hrs. The number of early apofc cells (shown by annexin-¥#ITC
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single positive population) induced by pIBTMA was similar to the iDC and mDC
referencecontros. However, DC treatment with pHEMA induced higher number of
apoptotic cellsKigure7-5). Interestingly, in the presence of pHEMA, the effects of LPS
on DC morphologyKigure7-3), surface expression of maturation markéiigjre 7-2),

and the activation of certain TFSigure 7-4) were eliminated. This result indicates that
biomaterials can override the effects of soluble factors and can be powerful tools for
modulating DC response. The results shown in CHAPTER 7 demonstrated that two
polymers from the same class of materials exert very different effects on DC
phenotype via the activation of distinct TF profiles, and very likely through distinct
receptors and signaling pathways. This study shed light on the understanding of the
molecular mechanisms that underlie DC respdadsiomaterials. However, additional
evidence is needed to show that pHEM#@ated DCs are apoptotic; therefore,
experiments to measure caspase activity and DNA fragmentation, both hallmarks of

apoptosis, will be carried out.

The TF activation profile oDCs induced by the pHEMA also appeared to be
consistent with the cytokine profile of pHEM#eated DCs. pHEMA induced low
productionlevels of all the maturatieassociateccytokinesand chemokines but high
level of pleiotropic cytokine, £16 (CHAPTER §. Consistently, pHEMA induced the
activation of two potent immunsuppressive TFs, namely E2f281] and GR/PR282],
both ofwhich have been shown to reduce the expression otNFa n-12 asl well as
IL-6. Furthermore, GR could decrease MCRroduction by akring MCR1 mRNA
stability [311] Contradictorily, ISRE[265,266] and NFAT [288] have also been
demonstrated to support the production oflR. Therefore, the productiolevels of
cytokines most likelyesulted fronthe balance of the effects of all these TFs-eNB i s a
strong activator of a number of pimflammatory cytokines, including TNB, IL-1, IL-

12[254]. Altogether, the cytokine profiles induced by pIBTMA and pHEMA (CHAPTER 6) are

137



consistent with the TF activation profiles induced by the respective pMAs (CHAPTER 7).
Potentially, pHEMA mght present ligands that trigger the destabilization of the mMRNANGF

U MCP-1, and Il-1ra, leading to the even lower production of these cytokases
compared to the iDC reference contf@B9]. Future work should explore the ligand
presentation by pHEMA and its link to mRNA destabilization, possibly through
interference of HUR binding to the cytokine mRNA289].

Additionally, several TFs appeared to have conflicting effects on DC response
(CHAPTER 7). For example, NFAT has been shown to inducen2tiration, maintain
immature DC phenotype, as well as induce apoptosis; ISRE can induce apoptosis as well
as DC maturation. Future work should aim to elucidate the effects of the activation of
each TF on DC phenotype. In particular, blocking or siRNAvkmdown experiments
should be performed to examine the effects of each of the ahsverify their
contribution and effectsfurther elucidating the mechanistic basis of DC response to
biomaterials Furthermore, tracking experiments such as with fluordsosarkers are
required to validate thatFs indeed areactivatedand translocatefrom the cytosolic

environmeninto the nucleuso exert the observed effects.

Given the wide range of applicat®rof pHEMA in clinical settings as a
biocompatible biomateal, it is of great interest to understand wiwyd howpHEMA
would induce such drastically different DC response from any other pMAs tested.
Furthermore, DCs treated by pHEMA or TCPS possessed an iDC phenotype, but these
two materials are very different. nderstanding the similarities and differences in
pHEMA and TCPS induced DC phenotype may allow for the identification of important
properties that are important for biocompatibilitythe Babensee lab has previously
shown that DC adhesion to biomateriaresjuired for maturation, partially through the
interaction via integringl21]. However, adhesiois not sufficient tocausematuation

as showrin CHAPTER 5, where modSLA adhered similar numbers of DCs as compared
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to PT and SLA but did not affect DC phenotype. Therefore, further work should be
carried out to elucidate PpHEMAOG sotentidhly, | i t y
sud immuro-suppressive ability of pHEMA is causbyg very low level of DC adhesion.
Alternatively, pPHEMA may present proteins in certain conformasothat mimic
immunosuppressivdigandssuch aszymaosan, whoseinteraction with TLR2 has been
shown to induce &y formation [243]. Furthermore additional apoptosis assays may
shed light orwhether pHEMA suppressed DC maturation through induction of apoptosis
of DCs, which is a strong activator of immune toleranténderstanding how pHEMA
induced suppressed DC response could guide future design of biocompatible materials
for clinical applicéions. Specifically, me may design a biomaterial that adheres certain
profiles or numbers of immune cells, directs certain presentation or conformation of
serum proteins, and/or triggers apoptosis of DCs surrounding the implant material
Insights from hese studies will facilitate the synthesis, discovery, or manipulation of new
class of clinicallyrelevant biocompatible materialBurther studies are also needed to
translate then vitro effects induced by pHEMA intm vivo host responses as described

next.

In addition to thein vitro elucidation of how DCs respond to biomaterials,
understanding how pHEMA and pIBTMA, which induced extremes of DC phenotype
vitro, differ in modulating adaptive immune responsevivo would be of significant
interes. These pMAs would be fabricated into scaffolds loaded with a model antigen
(e.g. OVA) or allogeneic cells for implantation in wild type mice or CD11c.DTR
transgenic mice. CD11c.DTR transgenic mice contain diphtheria toxin receptor (DTR)
expressed unddghe CD11c promoter. In these mice, efficient DC depletion can be
achieved over prolonged periods of time by multiple injections of diphtheria toxin (DT)
[309]. The adjuvant effect of these pMAs would be assessed by quantifying the amount

of antibodies in the serum. In addition, Fokd3g would be quantified in the mice to
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determine whether pHEMA could exert a tolerogenic effiectivo against allogeneic

cells or OVA. This study would not only translate thevitro findings of these pMAs

into in vivo outcomes, but it would also uncover the potential of pHEMA as an
immunosuppressive treatment, potentially for allografts, xeaftsgror tissueengineered
constructs that contain immunogenic biologics. In addition, these experiments would be
performed in CD11c.DTR transgenic mice as compared to wild type mice to assess if

DCs are central in the biomateriabuced adjuvant effedr tolerancen vivo.

This thesis research can lead to multiple future directionkidingelucidating 1)
the adsorbed protein profile on the pMAs, 2) receptor/ligand pairs, and 3) signaling
pathways that are central in mediating the biomaterial effects on DCs. An activating
material such as PLGA was shown previously in the Babensee labotatorguce
increased DC adhesion, while a rpactivating material such as agarose did not promote
DC adhesion. The activating nature of PLGA was linked to its high contact angle,
whereas agarose is extremely hydrophilic. It was anticipated that PLGAI wulilce
more adsorption of serum proteins in comparison to agddd@dd. In this research,
pIBTMA coating had very low contacingle (28.7°) in comparison to pHEMA coating
(69.5°). However, pIBTMA was clearly an activating material, but pHEMA appeared to
be a passivating material by the induction of DC apoptosis. Therefore, the effect of
biomaterials on DCs is not directly linked the hydrophobicity of the materials. The
differential effects of these pMAs on DC phenotype were most likely mediated through
different presentation or conformation profiles of the adsorbed protein layer. Elucidating
the protein presentation is noh @asy taskpne of the most popular approaches is to
spike 10% serum with single radiolabeled serum proteins such as fibronectin and
vitronectin. After incubation of the spiked serum with the biomaterials, the surfaces
would then be rinsed vigorously WwitPBS and the amount of radiolabeled proteins

measured by a scintillation counter. This subtraction approach is expected to be
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insensitive and variable and therefore might not yield meaningful results. Other
approaches include surveying the protein conftion on biomaterials adsorbed with
10% serum proteins using atomic force microscopy (AFM). With this approach, an
antibody specific to a serum protein (e.g. fibronectin) would be conjugated to the AFM
scanning tip and used to measure the presenceremiation of fibronectin by rastering

the tip over a defined surface. This experiment would yield insight into the conformation
and presentation of different serum proteins. Furthermore;dfrfight secondary ion
mass spectroscopy (TeHIMS) can be sed to simultaneously identify the presence of
multiple proteins on an adsorbed protein layer. Previously, 16 different single protein
films adsorbed on mica were used for T®BIMS analysis, and PCA was able to classify
the proteins using only two prin@pcomponent§303]. In this approach, control protein
layers adsorbed from single serum protein solutions would be used foorbels
pHEMA or pIBTMA would be adsorbed with 10% serum, and the protein layers would
be subjected to TeBIMS analysis and compared to the controls to identify the proteins

that are adsorbed to the surfaces.

Systems biology approach is currently beexplored in the Babensee lab to
elucidate the receptors DCs employ for recognition of and response to biomaterials. The
phosphorylation of signaling molecules will be measured after treatment of DCs with
ligands known to be specific for certain receptoihe signaling network will then be
modeled using PCA and PLSR for correlating activation of signaling molecules with
receptor engagement. After quantifying the activation of signaling molecules in DCs
upon treatments with certain biomaterials, suchmpasational model will then be used to

predict the receptors that are used by DCs to respond to biomaterials.

The receptors that are predicted to be involved in DC response to biomaterials can
potentially be identified by silencing signaling molecules tl@meé immediately

downstream to the receptors using siRNA. For instance, MyD88 could be a target for
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many toltike receptors (TLRS), including TLR2, 4, 5, 6, and 10 on the cell membrane
[304]. The target for @ype lectin, Dectirl, would be SyH305]. Otherreceptors of
interest i ncl ude nalshheough thé& TNR teceptassociated death g

domain (TRADD)[306], and the itk gr i n U4b1, whi ch -liskedgnal s

kinase (ILK)[307]. These signaling molecules can be silenced through the nyetife
siRNA to primary DCs. As shown in Appendix 4, DC transfection was effective only by
electroporation. Electroporation of DCs with DNA plasmids induced significant cell
death by 40 h post transfection, which is not amenable to the silencing ofirgignal
molecules because it usually takes up to 48 h for effective silencing to occur. However,
transfection with siRNA using electroporation has been shown to successfully
knockdown molecules in human primary DCs, potentially due to the small size of siRNA.
For instance, syndec#h was identified as an HRIY attachment receptor on human
primary DCs by using siRNA308]. Therefore, coditions of electroporation witheed

to be optimized for delivering siRNA to human primary DCs using Amaxa Nucleofector

(Lonza). Ot her than el ectr opo-aminoiaod , a

poly(ester amide)s (AAEAs) have been synthesized Dy . cC. C. Chudés |
Cornell University. These AAEAs were found to be superior in transfecting primary
cells as compared to commercial reagents (personal communication) and may potentially
be used for delivering siRNA to DCs to improve DC vidypilpost transfection.
Furthermore, silencing of combination of recepgpecific signaling molecules is

expected to be necessary due to their redundancy.

The detailed signaling pathways can be identified by measuring key signaling
molecules, including38, JNK, Akt, ERK1/2, and others. Multiplex phosphoprotein kits
(from Millipore or Biorad) can be customized to measure the level of phosphorylated
signaling molecules at different time points. Since signaling is expected to occur soon

after the ligatn of receptors and their ligands, this study should focus on early time
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points beginning at 15 min until 2 or 3 h. This study, together with the elucidation of
adsorbed protein profiles and receptors mediating the differential biomaterial effects on
DCs will provide mechanistic insights into the rational design of biomaterials for
modulating DC phenotype, thereby potentially directing desired immune respanses

ViVO.

The research presented in this thesis aimed to identify the material properties that
are the most important in determining DC response by using multivariate analysis
approach. Furthermore, DC phenotype was successfully predicted from polymer
chemical composition and was shown to be medi#itedugh distinct TF activation
profiles. Altogetler, these results allow for improved rational design of biomaterials that
direct certain immune responses towards the biologiedetivered in a combination

product.
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APPENDICES

APPENDIX 1

A.1. Supplementary data for Chapter 7: Predicting DC responsesing multivariate

analysis.
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Figure Al-1: Prediction results using PLSR models similar to first PLSR model built with surface
material properties but with high resolution experimental surface chemical composition fitted (A) at
GT (no beta carbons andC=0) removed from the X-block, and (B) at UT (with beta carbons and
C=0) removed from the X-block. After pruning steps, prediction of MF induced by the prediction set
terpolymers in six independent experiments with different donors was determined. The emrdars
indicate the standard errors of the experimental values.

Table Al1-1: List of X-variables used in the PCA model

Variable Definition Me?sured Number of

or variables
MF Maturation factor (CD86/DEIGN) Mean 1
IL-1 b |Interleukinl b Mean 1
IL-1ra  |[Interleukinl receptor antagonist Mean 1
IL-8 Interleukin8 Mean 1
IL-16 Interleukin16 Mean 1
MCP-1  |[Monocyte chemotactic proteih Mean 1
MIP-1 U |M U inflammatory proteirl U Mean 1
TNF-U  [Tumor necrosis facted Mean 1
T, Glass transition temperature Mean 1
Theta  |Air-water contact angle Mean 1
Si2p (E) |[Experimental Si2p Mean 1
Cls (E) |Experimental Cls Mean 1
Ols (E) |Experimental Ols Mean 1
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Table Al-1 continued:

Cls (T) ([Theoretical Cls Mean 1
O1s (T) ([Theoretical Ols Mean 1
C-C (UT) [Experimental GC in U of T (fittedwith beta carbon) Mean 1
C-O (UT) [Experimental @O in U of T (fitted with beta carbon) Mean 1
O-C=0 (UT) [Experimental @C=0 in U of T (fitted with beta carbol Mean 1
Beta C  [Experimental Beta C in U of T(fitted with beta carbo| Mean 1
C=0 ExperimentalC=0 in U of T Mean 1
C-C (GT) [Experimental @C in GT (No beta carbon) Mean 1
C-O (GT) [Experimental @ in GT (No beta carbon) Mean 1
0O-C=0 (GT) Experimental @C=0 in GT (No beta carbon) Mean 1
C-C(T) [Theoretical GC Mean 1
C-O (T) [Theoretical GO Mean 1
O-C=0 (T) [Theoretical @C=0 Mean 1
Ra Line roughness Mean 1
Sa Arithmetic mean height Mean 1
SurfArea [Surface Area Mean 1
Total 29
Table Al1-2: List of X-variables used in the PLSR models
Variable Definition Measured N“”?ber of
for variables
T, Glass transition temperature Mean 1
Theta |Air-water contact angle Mean 1
Si2p (E) |[Experimental Si2p Mean 1
Cls (E) |Experimental Cls Mean 1
Ols (E) [Experimental Ols Mean 1
Cls (T) ([Theoretical Cls Mean 1
O1s (T) [Theoretical Ols Mean 1
C-C (UT) [Experimental G@C in U of T (fitted with beta carbon) Mean 1
C-O (UT) [Experimental @ in U of T (fitted with beta carbon) Mean 1
O-C=0 (UT) [Experimental @C=0 in U of T (fitted with beta carbol Mean 1
Beta C |[Experimental Beta C in U of T(fitted witheta carbon)| Mean 1
C=0 Experimental C=0inU of T Mean 1
C-C (GT) [Experimental @C in GT (No beta carbon) Mean 1
C-O (GT) [Experimental @O in GT (No beta carbon) Mean 1
0O-C=0 (GT) Experimental @C=0 in GT (No beta carbon) Mean 1
C-C (T) [TheoreticalC-C Mean 1
C-O (T) [Theoretical GO Mean 1
O-C=0 (T) [Theoretical @C=0 Mean 1
Ra Line roughness Mean 1
Sa Arithmetic mean height Mean 1
Sq Root mean square Mean 1
Ssk Skewness Mean 1
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Table A1-2 continued:

Sku Kurtosis Mean 1
Sp Maximum peak height Mean 1
Sv Maximum pitdepth Mean 1
Sz Maximum height (Sp+Sv) Mean 1
Sk Level difference for a core part Mean 1
Spk Reduced peak height Mean 1
Svk Reduced valley height Mean 1
SMr1l Load area ratio to separate between a reduced peal Mean 1
and a core part
SMr2 Loadarea ratio to separate between a reduced valle Mean 1
and a core part
SXp Load area ratio from 97.5 to 50% Mean 1
Vwv The void volume at valley region (load area ratio 80| Mean 1
The void volume at a core part (load area ratio from
Vvc Mean 1
to 80%)
vmp The actual volume at a peak region (load area ratio| Mean 1
The actual volume at a core part (load area ratio fro
Vmc Mean 1
to 80%)
Sal IAuto-correlation length Mean 1
Str Texture aspect ratio Mean 1
SurfArea [Surface Area Mean 1
Total 39

Table A1-3: Prediction of maturation factor from surface material properties: Variable influence in
projection (VIP) in the PLSR model. 95% confidence intervals were determined by jacknifing.

95%
Variable influence confidence

Variables in projection interval
Cls (T) 1.51272 0.108265
O1s (T) 1.47516 0.118783
Theta 1.34927 0.257581
C-0(T) 1.24508 0.221662
Sk 1.21549 0.124656
Vvc 1.20151 0.099618
Sxp 1.18454 0.104798
Vmc 1.18306 0.129637
cC-cC(Mm 1.17573 0.168358
Sa 1.17381 0.101057
Sq 1.13387 0.095736
Si2p (E) 1.12296 0.429882
Spk 1.077 0.041625
Vmp 1.07638 0.045283
C-O (UT) 0.949676 0.161907
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Table A1-3 continued:

Sv 0.936893 0.135325
C-0 (GT) 0.932527 0.217767
C-C (UT) 0.921093 0.113291
Vv 0.896861 0.07768
C-C (GT) 0.870228 0.110673
Svk 0.827719 0.100776
Sz 0.807782 0.149195
0-C=0 (T) 0.799988 0.084244
Str 0.758573 0.148316
Sp 0.737861 0.029967
Sku 0.721398 0.229052
0-C=0 (GT) 0.657158 0.122984
0-C=0 (UT) 0.656134 0.122939
O1s (E) 0.592469 0.400198
SMr1 0.588059 0.111076
Beta C 0.581602 0.099062
SMr2 0.490808 0.439456

Table Al-4: Prediction of maturation factor from surface material properties: loadings of each
variable on each of the 2 PCs of the PLSR model.

Variables w*c[1] w*c[2]

MF 0.19797 0.190915
Theta -0.173138 -0.461222
Si2p (E) 0.163364 0.34822
O1ls (E) -0.113471 -0.0756812
Cls (T) 0.270195 0.317214
Ols (T) -0.265351 -0.300718
C-C (UT) 0.179885 0.0228189
C-O (UT) -0.180422 -0.134749
O-C=0 (UT) -0.128291 -0.0270437
Beta C -0.0979554 0.09951
C-C (GT) 0.168911] -0.00437626
C-O (GT) -0.179336 -0.111298
0O-C=0 (GT) -0.122494 0.0537237,
C-C (T) 0.226236 0.138868
C-0O (T) -0.230384 -0.219871
0O-C=0 (T) -0.147673 0.0749068
Sq -0.212846 0.0819662
Sku 0.139873 0.0710063
Sp -0.133832 0.0829999
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Table Al-4 continued:

Sv -0.0444854 0.365612
Sz -0.105982 0.223176
Sa -0.227223 0.0158695
Sk -0.237384 -0.0302944
Spk -0.186433 0.163962
Svk -0.102861 0.24049
SMr1 -0.0886776 0.13429
SMr2 0.00385639 -0.201951
Sxp -0.229197 0.017557
Vwv -0.149658 0.158688
Vvc -0.232394 0.0190704
Vmp -0.183968 0.173644
Vmc -0.231098 -0.0316889
Str 0.144711 -0.0353204

Table Al1-5: Prediction of maturation factor from theoretical chemical composition alone: Variable
influence in projection (VIP) in the PLSR model.

jack-knifing.
95% confidence
Variables VIP interval
Cils (T) 1.07802 0.078199
O1s (T) 1.02384 0.055541
0-C=0 (T) 1.0185 0.115368
c-o0(Mm 0.946235 0.146714
C-C (T 0.925699 0.058274

Table Al-6: Prediction of maturation factor from theoretical chemical composition alone: loadings of

each variable on each of the 3 PCs of the PLSR model.

Variables w*c[1] w*c[2] w*c[3]

MF 0.315287| 0.696938] 0.499077
Cls (T) 0.520489] 0.439407| 0.725786
O1s (T) -0.51116 -0.34823 -0.59166
C-C(T) 0.435808 -0.2265 -0.64242
C-0(T) -0.4438 -0.09625| 0.538043
0O-C=0 (T) | -0.28447| 0.800151] 0.226532
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APPENDIX 2

A.2. Isolation of human monocytes for a purified DC culture used for transcription

factor profiling

A heterogeneous DC culture, with B cells as the major contaminating cell type,
has been conventionally used in the Babensee laboratory to assess DC response to
biomaterials. The B cell percentage in this culture can range fio26% depending on
the dorors. The presence of B cells in the culture has been shown to contribute to the full
response of DCs to biomaterig®i 1].

In order to determine D®&pecific TF activation upon biomaterial treatment,
human monocytes were purified from freshly collected peripheral blood mononuclear
cells (PBMCs) using CDI4magnetic bead (MACS) isolation. These beads positively
selected CD14 exprsimg monocytes. Following isolation of monocytes using MACS,
the purity was assessed via flow cytometry through the expression of CD14 (Figure A2
1), and the viability of cells was assessed by propidium iodide (PI) staining (Figure A2
2). The percentagef CD14 or PI' cells was determined preand posisolation.
Routinely, >95% of cell population peistolation was CD14 Typically, >80% isolated
monocytes were viable. After incubation of isolated monocytes for 2 h to allow for
adhesion of the cell® the cell culture dish, the dish was washed genily2ltimes to
remove any nowviable cells. The purified monocytes were then cultured in the presence
of IL-4 and GMCSF for 5 days for the differentiation into DCs. On Day 5, the purity of
DCs were chcked by doublstaining the cells with monocyterived DC markers
CD1a (Biolegend) and DSIGN (R&D Systems). CD1a and E®IGN double positive
cells were determined as DCs (Figure-32 Routinely, >95% of the cell population on

Day 5 was CD14DC-SIGN' DCs.
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Figure A2-1: Purification of monocytes using CD14 microbead isolation. Présolation (A) and post
isolation (B) levels of CD14FITC expression are shown Cells were stained with CD14~ITC
monoclonal antibody (Miltenyi Biotec). Following isolation, cell population was generally >95%
CD14" for the generation of a purified DC population.
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Figure A2-2: Viability of cells pre- (A) and postisolation (B) using CD14 microbeads. Typically,
>80% isolated monocytes were viable. After incubation of isolated monocytes for 2 h to allow for
adhesion of the cells to the cell culture dish, the dish was washed gently 2 times to remove any
non-viable cells.
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Figure A2-3: Purity of DCs derived from a purified population of monocytes. Cells were double
stained with CDlaAlexaFluor 647 (labeled as APC) and DESIGN-FITC monoclonal antibodies.
Routinely, cell population was >95% CD1&DC-SIGN" DCs.
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DCs from this purified culture were shown to be capable of responding to
biomaterials, though to a lesser extent, as compared to the heterogeneous cell culture.
DCs treated with PLGA or agarose were stained for the expression of surface markers,
including CD83, CD86, and DSIGN. It is important to note that the purified culture
resulted in less variability in surface marker expression in differentially treated DCs as
compared to the heterogeneous cell culture method. DCs cultured by both methods

responded to LPS at similar levels (Figure 42

miDC
mmDC
PLGA
250 M Agarose l

e . A

CD83 CD86 DC-SIGN CD83 CD86 DC-SIGN

Purified Culture Heterogeneous Culture

Figure A2-4: Comparison of DC response to biomaterials using DCs from purified DC culture and
conventional culture method. gMFIs of the surface markers were determined by flow cytometry
with n = 3 donas (mean + SEM).
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APPENDIX 3

A.3. Other approaches for developing higkthroughput methodology for DC
phenotype screening

In the process of developing thRE' P method, a number of other approaches were
attempted before the filter plate approached was \atidaThese methods included 1)
magnetic bead approach, 2) agarose entrapment approach, and 3) transwell approach.
These approaches were initially <conceived
during washing steps due to the loosely adherent nafuCe. Regular celbased
ELISA was unusable for the HTP method because the washing steps were expected to
wash away the majority of the cells. This appendix section describes the various

approaches.

A.3.1. Magnetic bead approach

Concept of magnetisead approach

DC expressing
Cbic Use conventional
immunofluorescence
assay to probe for
cell surface markers
and detect the
fluorescence using

plate reader.

Anti-CD1c-biotin

Magnetic bead
modified with
streptavidin

@

Figure A3-1: Schematic of the magnetic beads approach. DCs were linked to magnetic beads via
incubation with first, an anti-CD1c-biotin antibody and second, CD1c molecule expressed on DCs.
After the application of a magnet, the excess cells and fluoresttly-labeled antibody can be removed,
and then the fluorescent intensity in each well can be measured. Size of magnetic bead ~ 4.5 um, and
size of DC ~ 14 pm.
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Intended experimental procedure for analysis DC phenotype iwell6plate using
magnetic lpad approach

A) On Day 5 of
DC culture

123 456 7 8 9101112

-~ Well in a 96-well plate

::_\_\\~ ti;j

Biomaterials coated 96 biomaterial
well microplate DCs of

a known concentration

are plated into the wells

IO TmMmOO D>
\

B) On Day 6 of
DC culture

L J : : : .* __, Detection of fluorescent
- intensity by a fluorescence
v

THoechst 33342 plate reader
TP
l Wash unbound cells Wash unbound
Antibody
| 3% 2
g

1hr incubation

) ® Hoechst
pDc @ Magnetic ¥ Anti-CD86-PE  mo= Magnet bound to
bead DC DNA

Figure A3-2: Schematic of intended experimental procedure on 9&ell plate for magnetic bead
approach. A) DCs are plated in 96vell plate coated with different biomaterials at a known
concentration on day 5. The inset shows a single well in the microptat B) On day 6 culture,
magnetic beads coated with CDZXbiotin are incubated with the cells. A magnet is applied so that the
unbound cells are washed away. The bedsbund cells are then labeled with antiCD86-PE and
Hoechst 33342 and washed with the afipation of a magnet. Finally the fluorescent intensity of the
microplate is measured by a fluorescent plate reader. CD86 is a costimulatory molecule that
upregulates with DC maturation and is a good indicator of DC response to biomaterials. Hoechst
33342 stains the nucleus for normalization of cell number across the wells.
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Before performing t he actual mi cropl

efficiencyd needed to be determined.
bound to magnetic beads)tbtal DCs). Reasonably high conjugation efficiency was
required to retain enough DCs in the wells for fluorescent detection. Figu® A3

illustrates the experimental procedure for determining conjugation efficiency.

wash wash
R e s - >
Anti-CD1c-biot DC

Magnet Magnet

Figure A3-3: Determination of conjugation efficiency of DCs to magnetic beads. A manufacturer
recommended amount of magnetic beadsvere labeled with antitCD1c-biotin antibody in an
Eppendorf tube. Subsequently a known number of DCs were added to the tube for conjugation.
Three washes were performed and the washes were collected for the determination of the unbound
cells by Coulter munter. The difference of initial cell number and the unbound cell number was the
cells that were bound to the beads.

Surprisingly, the conjugation efficiency was consistently very close to zero (
less than 5%). CD3oiotin antibody binding to thbeads was analyzed by staining the
CD1cbiotin antibodycoated beads with FIHabeled antibodies against biotin or Fab
fragment of the antibody. As shown in Figure-A3beads labeled with arfiD1cbiotin
antibodies were fluorescent after staining wifther of the antibodies, and the
fluorescence intensity decreased with increasing-@Ricbiotin density, potentially

due to steric hindrance.

Con

Subsequently, various adjustments were made to improve conjugation efficiency

(Table A31). Unfortunately, noe of these adjustments, including an indirect labeling
method, improved conjugation efficiency.
Therefore, the amCD1cbiotin antibody was ablé independentlybind to the

magnetic beads or DCs well. However, when the-@bBticbiotin antibodies wer
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bound to the beads first prior to the addition of DCs, the conjugation of DCs to the beads
was very inefficient. This is potentially due to steric hindrance otogtinal orientation

of the antiCD1cbiotin antibodies presented on the magnetic beadd@s to efficiently

bind to.

500
400 4 Danti-biotin-FITC

300 + w®@anti-Fab-FITC
200 +
100 +

o | T [ |

unstained 0 ug 0.2 ug 1lug 2 ug

gMFI

anti-CD1c-Biotin

Figure A3-4: Evaluation of anti-CD1c-biotin coating. Magnetic beads coated with various
concentrations of anttCD1c-biotin antibodies were labeled with antibiotin-FITC (blue bars) or anti-
Fab-FITC (purple bars). Beads labeled with anttCD1c-biotin antibodies were fluorescent after
staining with either of the antibodies, and the fluorescence intensity decreased at higher a@iD1c
biotin density, potentially due to steric hindrance.

Table A3-1: Changes that were made to attempt to improve conjugatiorfficiency.
Adjustments Improvement?
Increase CDZIbiotin concentration such that it will bind to| NO
the magnetic beads more efficiently

Make sure the beads were properly bound by@btlc NO
biotin
Increase incubation time of DCs with the beads NO

Change the Eppendorf tube to a-thattom microcentrifuge | NO
tube to ensure complete mixing during incubation
Indirect method: first label cells with ar@D1cbiot, and NO
then incubate antibodyound cells with magnetic beads

@+ >— @ +
@+ r—
L5 O

Figure A3-5: An illustration showing that the antibody can independently binds to the beads and the
DCs well; however, when both beads and cells are present, the conjugation is low.
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A.3.2. Agarose entrapment approach

Low melting temperature (LMT) agarose was used to trap the cells in the wells
during cell washing. LMT agarose was used so that the cells would not be in contact
with high temperature agarose solution. A low concentration of agarose was used so that
it was easier to rinse antibodies out of the agarose gel. Figufe ilkBtrates how

agarose entrapment was used for the HTP assay.

Intended experimental procedure for analysis DC phenotype iwell6plate using
agarose entrapment approach

A) On Day 5 of
DC culture

12 3 456 7 8 9101112

_--=~"" Well in a 96-well plate

Biomaterialscoated 96 biomaterial
well microplate DCs of

a known concentration

are plated into the wells

IOMmMOO®m®
\
\

B) On Day 6 of
DC culture

L J Lmﬂ Detection of fluorescent

intensity by a fluorescence

* Cast agarose / Wash unbound plate reader
Agarose gels antibody

* ]f'!*!*:*.ﬁ

“1hr incubation
With Ab and Hoechst

DC 3 Anti-CD86-PE Agarose solution/ gel @ Hoechst bound
to DC DNA

Figure A3-6: Schematic of intended experimental procedure on 9&ell plate for agarose entrapment
approach. A) DCs are plated in 96vell plate coated with different biomaterials at a known
concentration on day 5. The inset shows a single well in the microplate. B) On day 6 culture, a low
melting temperature agarose solution is cast on to the cells@ gels. The entrapped cells are then
labeled with anti-CD86-PE and Hoechst 33342 and washed. Finally the fluorescent intensity of the
microplate is measured by a fluorescent plate reader.
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To assess this method prior to the actual microplate experinteatsells were
premixed with agarose (0.25%, 0.5%, or 0.75%) and then cast onto the microplate to
keep volume consistent. The entrapped cells were then stained wviGDS&PE and
Hoechst 33342.

This method requires extreme care during operationtaube delicate agarose
gel. No vacuum aspiration was allowed because all three concentrations of agarose films
were easily aspirated away along with the supernatants. Instead, the removal of
supernatant had to be done very carefully with an Eppenduettpione well at a time,
which resulted in a labor intensive and potentially highly erroneous procedure. At
0.25%, some agarose films were still accidentally removed by careful pipetting. In
addition, it required >7 washes and >2 h to effectively renlowexcess antibody from a
96-well plate (Figure A36), rendering this a losthroughput method due to its time

consuming nature.

300
Dunstained cells
250 + mpre-stained cells
Ostained cells
200 + Ostained+wash 1x (10min)
B stained+wash 2x (45min)
_ 1501 4 Dstained + wash 3x (10min)
Iﬁ:" 100 + Bstained + wash 4x (10min)
Ostained + wash 5x (10min)
50 + mstained + wash 6x (1hr)
@stained + wash 7x (20hr)
0 |—mi] |

0.25% agarose0.50% agarose0.75% agarose

Figure A3-7: More than 7 washes were required to effectively wash away the abundant dye in the
agarose film in themicroplate wells. DCs were stained in the Eppendorf tubes with anttD86-PE
and Hoechst 33342 for 1 hour. An agarose solution was added to the tubes to reach concentration of
0.25%. 0.5% or 0.75% agaose, and then plated into a 98vell plate. Buffer wasthen added on top

of the agarose film to wash the abundant. The time indicated in the legend was the soaking time in
the specified wash. Unstained cells are pr&ained cells entrapped in agarose were used as control.
Pre-stained cells were stained irthe eppendorf tube and washed 2x and subsequently mixed with
agarose and cast into the wells. Data shown were Mean + SD generated by triplicate. The result
indicated that it required >7 washes to remove the abundant dye, which also implies that if thelks
entrapped in the agarose were to be stained with dye solution added on top of the agarose film, it
would probably take a long time for the antibody to diffuse into the agarose film.
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A.3.3. Transwell approach

Intended experimental procedure fomalysis DC phenotype in 96ell plate using
transwell approach

A) On Day 5 of
DC culture

12 3 45 6 7 8 9101112

_--=~"" Well in a 96-well receiver plate

R Tt ':——Qj

Biomaterials coated 96 biomaterial
well receiverplate DCs

of a known concentration

are plated intahe wells

IomMmoOO® >
\

B) On Day 6 of

DC culture
Aspirate away
supernatants;
- —— remove the

membrane
insert
Detection of fluorescent

e intensity by a fluorescence

Lg* *& plate reader

Aspirate away

supernatants
to remove —_— L* e 3 ﬂ
L unbound Ab A A A

) N —Transwell Pipette /
DC 3¢ Anti-CD86-PE membrane / aspirator
insert

Figure A3-8: Schematic of intended experimental procedure on 9@ell plate for the transwell
approach. A) DCs are plated in 96well receiver plate coated with different biomaterials at .
known concentration on day 5. The inset shows angjle well in the microplate. B) On day
culture, a membrane insert is placed into the well to remove the supernatant. The cells are tl
labeled with anti-CD86-PE and washed. Finally the fluorescent intensity of the microplate
measured by a fluoresent plate reader
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To evaluate this method before performing the actual microplate experiments, the
cells were serially diluted on a black-9&ll receiver plate and stained with a@iD86-
PE and CD1&AlexaFluor 488. A membrane insert was used to trap the cells in the well
during washing.

The membranes only come in two materials: polyester (PET) or polycarbonate
(PC). PC membranes were very weak and therefore broke very easily during aspiration.
Membranes of pore size of 0.4 um, 1um, and 3um were tested but none oktthétad
in a linear fluorescent intensity vs. cell number curve (FigureBAZells were lost
through the cracks and therefore the method was prone to ef@worghe other hand,
PET membranes were much stronger but only came in very small pore sizad014
pum) or large pore size (8um). The small pore size membranes did not allow supernatant

aspiration while large pore size caused DCs to be aspirated along with the supernatants.

CD86-PE RFU vs. Cell number CD1c-AF488 RFU vs. Cell number

40000

20000 i f

50000

—e—iDC
40000 1| _s_ mDC
30000 {1 § 3

20000 -

CD86-PE RFU
CD1c-AF488 RFU

10000 - 10000 1 —e—iDC
—=— mDC
0 T 0 T T T
> © O O & o N} D S S P
N & S & & OV S ¢ S F.& .S N
S BN S P & &@0 G)@Q \/QQ AN 2N & %

DC number DC number

Figure A3-9: Transwell approach failed to generate linear relationship between fluorescent intensity
of CD86 or CD1c surface marker and cell number. The PC membrane of the 96ell plate insert was
brittle and broke very easily during aspiration.
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APPENDIX 4

A.4. Transcription factor profiling using reporter gene in transfected DCs

Initially, a reporter gene approach was undertaken to understand transcription
factor activation profiles of DCs treated with different biomaterials. In this approach,
human primary monocytelerived DCs were transfected with reporter plasmid whose
transcription was inducible by the activation of TFs. Transfected DCs were expected to
express the reporter to different levels depending on the treatment used (Figlre A4

Human pamary DCs

<D <O R .
7 oﬁ@_ —r @\\, — reporter activity
V. \\ : A AN
of +
O Treatment with Tlmesp;)!mts
Transfection with TF- ngzm/}“p’:(?;ﬁ;\nyzr 12hr
inducible reporter 5 : 24 hr

plasmid controls (IDC or mDC)

Figure A4-1: Schematic of DC TF activation profiling experiments by using THnducible reporter
plasmid activity.

Human primary DCs are one of the most difficult cell types to transfect because
they are suspension, npnoliferative, and extremelgensitive immune cell type. Two
methods were primarily used for introducing external DNA into DCs, including
electroporation and lentiviral transduction. The latter is-cwsbitive, so DCs were
transfected by electroporation using Nucleofector devVi@mza). Several additional
steps were found to be important in optimizing transfection efficiency and cell viability
post electroporation:

1. DNA plasmids used to transfect the cells needed to undergo additional PEG
precipitation (in addition to endotoximee DNA prep) to remove any trace

amount of endotoxin.
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2. FBS or antibioticsmust notbe included in the recovery medium after DC
electroporation.
3. OptiMEM was superior to RPMI in enhancing DC viability as the recovery

medium after electroporation.

DC transfetion protocol was optimized with GFP expressing DNA plasmids
controlled by CMV promoter to a) maximize transfection efficiencymiaximize cell
viability, andc) minimize DC preactivation during the electroporation process. Using
the optimized protocoDC transfection efficiency was 55% from the 78% viable cells by
24 h (Figure A42). DC viability decreased to approximately 50% by 40 h, most likely
due to the electric shock and the presence of DNA plasmids inside the cells. Cell
viability and transfetion efficiency have been shown by others to be much higher with
siRNA or mRNA. Therefore, any analysis on transfected DCs (DdNdsmid
transfection) should be performed within approximately i280 h. In addition,
transfected DCs were not paetivatedbased on DC surface maturation marker CD83

and CD86 staining 24 h post electroporation (FigureBp4

24h 23h_PIOpHMEM_PEG_Jug 23h_PIOpHMEM PEG Jug 73h_PROpBMEM_PEG Zug

Count

Figure A4-2: Representative transfection data from three independent trials with different donors
that yielded similar results. 22 10° DCs were transfected with 2 ug GFP DNA plasmid. Cells were
stained with propidium iodide (PI) and then analyzed by flow cytometry. 78% of DCs were PI
negative (viable), while 55% of the viable cells were GFP positive (transfection efficiency). PE
channel represents PI staining; FITC channel represents GFP fluorescence.
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Figure A4-3: Representative transfection data from three independent trialsvith different donors
that yielded similar results. 2 10° DCs were transfected with 2 pg GFP DNA plasmid. 24 h post
electroporation, DCs were analyzed for surface marker expression, including CD83 and CD86, both
are regulated when DG are activated.

After DC transfection protocol was optimized, DCs were transfected with positive
control plasmid with constitutive expression for the reporter SEAP (secreted alkaline
phosphatase) controlled by SV40 promoter. The objective of thisiegerwas to
determine how soon (time point) the SEAP reporter protein could be detected and if any
dilution was necessary to accurately quantify the SEAP within 24 h. However, very low
levels of SEAP reporter activity (close to blank) were detected (a#tahown). The
expression of SEAP by this positive control reporter is controlled by the promoter SV40,
which is known to be much weaker than CMV (as the case in the GFP plasmid), and is
often particularly weak in primary cel[810]. When DCs were transfected with CMV
controlled Metluc (secretive luciferase reporter) plasmid, very high anddémpendent

chemiluminescence signalas detected (Figure Ad) in the medium. Therefore,

primary DCs require strong promoter activity for the reporter protein to be expressed.
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Figure A4-4: DCs strongly expressed luciferase reporter controlled by a CMV promoter at a time
dependent manner. DCs were transfected with Metluc plasmid (Clontech) and the cell culture
medium was collected at the indicated time points for assaying luciferase activity as compared to
empty vector transfected control. DCs strongly expressed the Metluc reporter undé€zMV control
in a time-dependent fashion.

NFkB-inducible SEAP reporter plasmid (Clontech) was used to transfect DCs.
DCs were then treated with LPS to induce NFkB activation. However, similar to the
control plasmid, very low levels of reporter activitwas detectedi the
chemiluminescence from transfected DCs with LPS treatment was only 10 fold higher
than nonrtransfected cells (Figure A#), which is unacceptably low for using this
plasmid for future experiments. The lack of reporter activity is rikelty due to low
promoter activity of the plasmid in the DCs. The enhancer element sequences as well as
the accompanying minimal promoter may be altered to optimize promoter activity in

DCs. Several vendors sell inducible plasmids with different desidiisfortunately,

promoter activity will need to be empirically determined.
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Figure A4-5: DCs transfected wthNFe B i nduci bl e plasmid and treated \
the presence or absence of 2% FBS. Transfected DCs were recovered in OptiMEM farh post
electroporation. At this point, either LPS alone was added or LPS + FBS were added for a final FBS
concentration of 2%. NT was the nortransfected DC control, while +SEAP was the positive control

with placental alkaline phosphdase. The chemilminescence values are labeled above the bars. The

LPS treated DCs only resulted in 10 fold change compared to the ndransfected control, which is

unacceptable for future experiments.

Chemical or lipid reagents, including Trans200 (Mirus), FugeneHRoche),
and GeneJuice (EMD), were also tested and all with close to 0% transfection efficiency
with human primary DCs.

Invitrogen Neon electroporation device was also used for transfection but resulted

in over 70% cell death and <20% transfection efficieout of all 20 conditions tested.
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APPENDIX 5

A.5. Dendritic Cell Response to Nanotopography
(Collaborated with Dr. Clemens van Blitterswijk at University of Twente in the

Netherlands)

The TopoChip, developed by Drs. Jan de Boer and Clemens van Blitterswijk at the
University of Twente in the Netherlands, was fabricated by hot embossing and was composed
of 2178 unique TopoUnits in duplicate (total 4356 TopoUnits). The TopoChip proaided
high-throughput system to assess DC phenotype to an important biomaterial property,
nanotopography. Through the preamffconcept experiments at University of Twente, a
human DClike cell line, KG1 cells, was used to assess the effect of nanotopogoepbL
phenotype.

KG-1 cells were used due to the time limitation during the visit at the University of
Twente to complete necessary experiments. Prior to using B&ls with the TopoChip, the
cells were characterized at Georgia Tech for their regpdosstandard biomaterials,
including PLGA and agarose, as well as PDLLA, which was the base material of TopoChip,
in vitro. A longer culture time (48 h) was required for these cells to respond to biomaterials,
as oppose to the shorter culture time (24rdguired for primary human DCs to respond
(Figure A51).

During the threaveek visit at the University of Twente, KGcells were cultured
on the TopoChip for 6 h without media exchange. Ltargh cultures were not
performed as the perfusion pump wag operable at a time. Cells were immediately
fixed and stained with an€D86-PE monoclonal antibodies (Ancell). Each wash step
was carefully performed so as not to rinse away cells. Stained cells were then mounted
on a customized TopoChip loader irddBD Pathway imager for data acquisition. The
image of each TopoUnit was then cropped from the original large image using a

customized MATLAB script. These images were subsequently analyzed using
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CellProfiler cell image analysis software (Broadtitute). KG-1 cells differentially
adhered to the different TopoUnits (Figure -2% however, the results were not
reproducible during my time at University of Twente. Due to the lack of experience with
culturing looseadherent cells on the TopoChips, morpexkments need to be performed
to optimize the cell culture protocol of K& cells or human primary DCs onto these
devices.

Transfection of KG1 cells with a reporter plasmid was also attempted using
GeneJuice or FugeneHD. However, transfection effigiamas very low (<5%) and
therefore this approach was not used. Other transfection reagents might be more

effective for KG1 cells but were not tested for this project.

8 [ Untreated

L 3 Untreated
24 h 1
B PMA +lon 4 48 h B PMA +lon
* I PLGA I PLGA
6. Agarose Agarose

PDLLA 31

PDLLA

CD40 CD86 HLA-DQ CD40 CD86 HLA-DQ

Figure A5-1: KG-1 cells required longer culture time to respond to biomaterials.KG-1 cells were
cultured with the indicated treated for 24 h (A) or 48 h (B) and then the cells were collected for
surface marker quantification by flow cytometry.
24 h (A) or n = 2 (mean * range) for 48 h.It is important to note that the magnitude of surface

marker expression was typically lower compared to human primary DCs.
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10 20 30 40 50 60

Figure Ab-2: KG-1 cells differentially adhered to the TopoUnits. The color intensities indicate the
number of cells remained ineach of the TopoUnits (represented by each square). However, the
results were not yet reproducible and required additional cell culture optimization on the
TopoChips.
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APPENDIX 6

A.5. Deriving DC phenotypebiomaterial property relationships using tapolymer

library

As shown in CHAPTER 6, the terpolymer library was used as the prediction set to
verify the robustness of the PLSR model constructed based on the pMA library training
set. To make full use of the material property and DC phenotypic data DCs already
generagd using the terpolymer library, multivariate analysis was again performed for this
set of polymers. It is important to note that the original terpolymer library also included
three additional nitrogenontaining terpolymers (#1012 in table A61) thatwere
excluded from the prediction set in CHAPTER 6. These terpolymers were excluded
because the pMAs that the PLSR model was based upon did not contain any nitrogen and
therefore was not Atrainedo to predict DC

nitrogen.

Table A6-1: List of original polymers in the terpolymer library. Note that #17 9 and 13 were used as
the prediction set in CHAPTER 6. Nitrogercontaining terpolymers #10i 12 were excluded in the
prediction set because the pMA library used fomodel construction did not contain any nitrogen.

#13 and #14 are common biomaterials included in the study.

terpolymer # | Abbreviation | Composition

1 2A A55T20G25 55%A-co-20%T-c0-25%GMA
2 2B A40T35G251 40%A-co-35%T-co-25%GMA
3 2D A10T65G25 10%A-co-65%T-c0-25%GMA
4 5B H40T35G25 40%H-co-35%T-co-25%GMA
5 5C H25T50G25 25%Hco-50%T-co-25%GMA
6 5D H10T65G25 10%H-co-65%T-co-25%GMA
7 6A A55H20G25 55%A-co-20%H-co-25%GMA
8 6B A40H35G25 40%A-co-35%H-co-25%GMA
9 6C A25H50G25 25%A-co-50%H-co-25%GMA
10 7B H40N35G25 40%H-co-35%N-co-25%GMA
11 7C H25N50G25 25%H-co-50%N-co-25%GMA
12 7D H10N65G25 10%Hco-65%N-co-25%GMA
13 HEMA 100% H

14 PLLA ---
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These terpolymers were initially synthesized with the goal of varying only one
material property at one time (Table 2% However, although the certain bulk or
surface properties may be maintained through careful design of polymer composition, the
underling chemistry of the polymers and potentially other material properties are
inevitably altered as well. Therefore, multivariate analysis of induced DC response to
these terpolymers is necessary to simultaneously analyze the effects of a combination of

maerial properties on DCs.

Table A6-2: The wet modulus, T, and contact angle of terpolymers. These terpolymers were
synthesized with the goal of varying one property at a time and were divided into four groups as
color-coded in the table. Within each goup, two of the material properties were kept similar as
much as possible and the one remaining property was varied.

: . Wet Mod
Abbrevi Composi (kPa)

2A A55T20 32 37 96
2B A40T35 37 37 92
2D A10T65 39 -4 1 85
5B H40T35 354 =5 75
5C H25T50 157 -3 69
5D H10T65 52 -2 8 72
6A A55H20 1275 15 94
6B A40H35 3380 37 8 2
6C A25H50 2697 6 8 75
7B H40N35 2280 138 61
7C H25N50 1850 119 65
7D H10NGS 1150 119 6 4
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The induced DC phenotype upon treatment with the terpolymers was measured in
terms of MF, defined by CD86/DSIGN ratio, using the HTP method described in
CHAPTER 4 (Figure A6L). In addition, the production ofcytokines and chemokines by
treated DCs was a@untified using multiplex bead assay. Similarly to the pMduced
DC response, the terpolymers also induced a trend of increasing DC maturation as shown
by the expression of MF in the ordering of terpolymers in th&ig (Figure A6l).

When keeping therdering of polymers the same, similar trends could be observed for
the release of prmflammatory cytokines, 11 b ( F i -8A) and TNKB (-2B%

and chemokine, H8 (Figure A62C), by treated DCsThe productiorof antk

inflammatory cytokine, IE16, also followed roughly the same trend, but with pHEMA

also inducing high production of 116 by treated DCs (Figure ABD). IL-1ra (anti
inflammatory) and MCHL (chemokine) were also assayed but did not follow the same
trend (Figure A63). However, iis interesting to note that pHEMA induced low levels

of all the cytokines or chemokines examined. The pMAs did not induce significant
cytotoxicity in treated DCs. Interestingly, pHEMA induced lower cell death as compared

to all the other pMAs (Figure A8).
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Figure A6-1: DC responded differential to the terpolymers and the common biomaterials, pHEMA
and PLLA. Maturation factor (CD86/DC -SIGN) is shown with mean = SEM (n = 6 donors). *: p<0.05
higher than iDC; #: p<0.05 lower than mDC; brackets: p<0.05 btween treatments.
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Figure A6-4: Terpolymers did not induce significant cytotoxicity as compared to iDC. It is obvious
that pHEMA induced the least cytotoxicity as measured by the release of cytosoinzyme, G6PD.

The fluorescent signals from the samples were compared to a standard curve generated by lysed iDC
to determine the percent dead cells. Results contained large dort-donor variations. Data are

shown with mean £ SEM (n = 6 donors). Brackis: p<0.05 between treatments.

PCA was performed to analyze the effects of the different material properties on
DC phenotype upon biomaterial treatment using the variables shown in Tal3le A6
summary of material characterization is shown in Table4dA6Appendix 8 show the
represerdtive XPS high resolution Cls scans, and Appendix 10 show the representative
surface roughnessnages. Asix-component PCA model was determined by cross
validation to be the most optimal for representing this dataset With 3288 and &=
0.80, meaninghat this model can capture 88% with excellent predictability. The five
components could individually capture 32.6%, 22.2%, 12.8%, 10.3%, 5.6% and 4.3% of
data information, respectively. No major outliers were identified byHieli n grd s
statistic. Very importantly, this model was generated with the exclusion of PLLA. A
model with PLLA included resulted in simila”&f 0.87 but a significantly poorer?@f
only 0.47 (results not shown). The discrepancy in model performance subjected to the
inclusion of PLLA was potentially due to the dissimilarity of PLLA as compared to the
rest of the members in the polymer library. We hypothesize in order to predict the effects
of a more diverse group of polymers on DC phenotype, multiple members are needed for

each type of chemistry so that statistically meaningful models can be derived.
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Similar to the pMA study, the score plot of the terpolymers also showed a wide
spread nature of the projection of the observations, indicating that the terpolymers
induced a wid range of DC responses (Figure-B&). However, in contrast to the PCA
model for pMAs, PC1 alone is not sufficient for segregating highly activating materials
from nearly bieinert polymers. Instead, both PC1 and PC2 together can roughly separate
the pdymers based on their ability to mature DCs, with more activating materials
concentrated in the top right quadrgiigure A65A). For example, pHEMA was
strongly loaded on negative PC1, while 7C, which was sufficiently activating on DCs,
also had negatév loading on PC1 but a strong positive loading on PC2. Activating
materials like 7B and 7D were projected positively to both PC1 andH@2Ze AG5A).

The conclusions from the loading plots were very similar to those drawn from the
pMA study, and the werall results were very similar regardless of the combinations of
PCs. First, all the phenotypic variables measured strongly clustered and mostly located
in the top right quadrant (associated with activating polymers in the score plot) opposite
from IL-16 (Figure AG5B). Second, the projections of the theoretical values of
elemental composition andC, G-O, and GC=0 bond composition were very similar to
the projections of the experimental values (Figure58y. % carbon and % nitrogen
were associatewvith DC maturation because they were projected positively on PC1,
while % oxygen was associated with less mature DCs due to their negative projections on
PC1. Since XPS cannot distinguish betweeN &hd GO bonds or between-8=0 and
N-C=0 bonds, the exgsimental values of these bonds were projected as a combination of
the oxygen and the Ncontaining bonds. Since the amount of oxygentaining bonds
was much higher as compared to the nitregemntaining bonds in the terpolymers, the
combined effects athe two were similar to the projections of oxygamtaining bonds
alone. However, the composition of these bonds could be theoretically calculated
separately. When the theoretical bond information was projected, it was apparent that the

oxygencontainng versions of these bonds were negatively associated with DC
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maturation by being situated towards the left of the PC1, while the nitaogeaining
versions of these bonds were positively associated with DC maturation by locating in the

same quadrant dlse mature phenotypic variables (Figure-2i6).
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Figure A6-5: Score and loading plots showing the projection of the treatments and variables on the
PC space for the terpolymer library. PC1 captures 32.6% and PC2 captures 22.2% of the data,
which together represent >50% of the original data information. A) Score plot shows the projection
of the pMA treatments, each with six data points obtained from six independent experiments with
different donors. B) Loading plots shows the projection of the variabke on the PC space. See text
for detailed interpretation of the plots. The following color code is used for the loading plotBlue:
phenotypic variables; black: chemical composition;red: contact angle; orange roughness; dark
green Ty, 1 monome composition; . surface area. The interpretation of the
combination of PC1 with other PCs resulted in similar conclusion; therefore these plots are omitted
for simplicity.

In addition, wet modulus (WetM) was associated with DC maturation due to its
proximity with the maturation phenotypic variables (Figure-58. If plotted
individually against the different phenotypic variables, wet modulus could be strongly
associated with TNdEI  a n d-1 WitB R of 0.70 and 0.83, respectively. In contrast,
suiface roughness (§ as well as other roughnessated variables such as Sk, Spk, Svk,
Vwv, etc, were located away from the maturation variables except for Str. Obviously, a
strong redundancy was present due to the strong clustering of these varipbesd
contact angle did not contribute to PC1, but they were projected positively and negatively
on PC2, respectively (Figure AiB). Although this might suggest thag and contact
angle were moderately associated with more or less DC maturation base€2,
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respectively, these two variables had little effects on DC phenotype because their
projections onto other PCs were mostly close to zero (data not shown). The projections
of monomer composition of T, H, A, G, and N onto the loading plot corresgdndée
positions of terpolymers in the score plot. For example, 2D, 5C, 5D were polymers that
contained high percentage of T, and their positions in the score plot matched the location
of T in the loading plot (Figure AGB).

Therefore, the PCA resultserein were consistent with the conclusions from
CHAPTER 6, where chemical composition was consistently the most informative data
for DC phenotype. Specifically, elemental oxygen and oxygmraining chemical
bonds have been consistently shown in CHARTE, 6, and this Appendix for their
association with iDC phenotype, whereas elemental carbon &da@hds have been
shown to associate with DC maturation. C=0 contamination has also been consistently
shown to cevary with DC maturation. In this Appendielemental nitrogen and
nitrogenticontaining bonds were additionally shown to associate with a mDC phenotype,
consistent with results shown in CHAPTER 5. Variables such as contact apgledT
roughness might suggest moderate correlations withr&ponse depending on the
systems used, but their effects have not been consistent and therefore are not expected to
possess strong predictive power for DC response. Although wet modulus was shown to
associate with DC maturation in this Appendix (Figure58), more studies should be
conducted to confirm this finding.

Because chemical information of the polymers have been consistently
demonstrated to be the most useful for modeling DC response to biomateriaBIM®F
(Appendix 11) was also performed onistiterpolymer library to derive more complex
mass fragment information. The analysis of this is underway to determine whether PLSR
model can be successfully constructed with stronger predictive power compared to the

model shown in CHAPTER 6.
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Table A6-3: List of X-variables used in the PCA modefor the terpolymer library

Variable Definition Measured N“”.‘ber of

for variables
MF Maturation factor (CD86/DESIGN) Mean 1
IL-1 b |Interleukinl b Mean 1
IL-1ra  [Interleukinl receptor antagonist Mean 1
IL-8 Interleukin8 Mean 1
IL-16 Interleukin16 Mean 1
IL-18 Interleukin18 Mean 1
MCP-1  |[Monocyte chemotactic proteih Mean 1
TNF-U  [Tumor necrosis facted Mean 1
Si2p (E) |Experimental Si2p Mean 1
C% (E) |[Experimental Cls Mean 1
0% (E) |Experimental Ol1s Mean 1
N% (E) [Experimental N1s Mean 1
C% (T) [Theoretical Cls Mean 1
0% (T) |[Theoretical Ols Mean 1
N% (T) [Theoretical N1s Mean 1
C-C(E) [Experimental @C Mean 1
C_O(g) CN Experimental @ or GN Mean 1
I\cl)_g:_g(%r) Experimental @C=0 orN-C=0 Mean 1
Beta C (E) [Experimental Beta C Mean 1
C=0 (E) |Experimental C=0 Mean 1
C-C (T) [Theoretical GC Mean 1
C-O (T) [Theoretical GO Mean 1
C-N (T) [Theoretical EN Mean 1
O-C=0 (T) [Theoretical @C=0 Mean 1
N-C=0 (T) [Theoretical NC=0O Mean 1
Sa Arithmetic mean height Mean 1
Sq Root mean square Mean 1
Ssk Skewness Mean 1
Sku Kurtosis Mean 1
Sp Maximum peak height Mean 1
Sv Maximum pit depth Mean 1
Sz Maximum height (Sp+Sv) Mean 1
Sk Level difference for a core part Mean 1
Spk Reducegeak height Mean 1
Svk Reduced valley height Mean 1
SMrl Load area ratio to separate between a reduced peal Mean 1

and a core part
SMr2 Load area ratio to separate between a reduced valle Mean
and a core part

Sxp Load area ratio from 9716 50% Mean 1
Vwv The void volume at valley region (load area ratio 80| Mean 1
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Table A6-3 continued:

The void volume at a core part (load area ratio from
Vvc Mean 1
to 80%)
vmp The actual volume at a peak region (load area ratio| Mean 1
The actual volume at@ore part (load area ratio from
Vmc Mean 1
to 80%)
Sal IAuto-correlation length Mean 1
Str Texture aspect ratio Mean 1
SurfArea [Surface Area Mean 1
T, Glass transition temperature Mean 1
Theta  |Air-water contact angle Mean 1
WetM \Wet modulus Mean 1
T % T monomer as measured by NMR Mean 1
A % A monomer as measured by NMR Mean 1
H % H monomer as measured by NMR Mean 1
N % N monomer as measured by NMR Mean 1
G % G monomer as measured by NMR Mean 1
Total 53

Red text indicates new variables compaiethe list of variables used for the construction of PCA and
PLSR models for the pMA library.

Table A6-4: Material characterization of the polymers used in the PCA model.

oA | 2B [ 2p | B [ sc | sD | 6a | 68 | 6c | 7B | 7c | 7D | HEMA
H o | o o |3 | 24| 13] 2| 3 |51 ] 3| 22| 14| 100
A | 62|42 18] 0o | o] os2|37]26| 0] 0] o]l o
T 14 | 27| 5337059 o o] o] o o] o 0
N o]l o]l ol o] o] o] o] of o] 4] 49| 57 0
G 23 | 31 | 29 | 28 | 26 | 28 | 27 | 27 | 23 | 24 | 29 | 29 0
Cw(E) | 0.81] 0.78| 0.74| 0.76 | 0.72| 0.85| 0.78] 0.75| 0.78 | 0.68 | 0.68 | 0.75| 0.67
O%(E) | 0.18] 0.21] 0.25| 0.21] 0.26] 0.14 | 0.21| 0.23| 0.22] 0.23] 0.24 | 0.18| 0.30
N9%(E) | 0.00 | 0.00 | 0.00] 0.00| 0.00| 0.00| 0.00] 0.02] 0.00| 0.02] 0.03] 0.03| 0.00
Si%(E) | 0.01] 0.01] 0.02] 002 0.02] 0.01| 0.00| 0.01] 0.00| 0.06 | 0.06 | 0.04] 0.03
Co(T) | 0.79] 0.76 | 0.72| 0.68| 0.69 | 0.69 | 0.78] 0.73| 0.76 | 0.71| 0.71| 0.72| o0.67
0%(T) | 0.21] 0.24| 0.28] 032 031 ] 0.31] 0.22| 027 ] 0.24] 0.25| 0.23| 0.21| 0.33
N%(T) | 0.00 | 0.00| 0.00 | 0.00 | 0.00| 0.00| 0.00| 0.00| 0.00| 0.05| 0.06 | 0.07| 0.00
CC(E) | 059] 048 0.37] 053 0.35| 0.68| 054 | 059 | 051 0.57 | 0.49| 0.65| 0.39
g:ﬁ(g 0.25| 0.34| 046 | 0.31| 0.46 | 0.21 | 0.23| 0.21| 0.26 | 0.23| 0.27 | 0.20| 0.31
0-C=0
orN- | 0.08 | 0.09| 0.09| 0.08| 0.09| 0.05| 0.11 | 0.09| 0.11 | 0.08 | 0.10 | 0.05| 0.15
C=0(E)
g?g 0.08 | 0.09 | 0.09 | 0.08| 0.10| 0.06 | 0.11 | 0.10 | 0.11 | 0.09 | 0.12 | 0.06 | 0.16
c=0 (E) | 0.00| 0.00| 0.00| 0.00| 0.00| 0.00| 0.00| 0.01] 0.00| 0.02] 0.03] 0.04| 0.00
c-c(T) | 0.67] 057|041 037]034] 033|069 064 061]054]055]057| 050
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Table A6-4 continued:

co(T | 023]033] 048] 051]054] 057[020]023]026]023]021]018] 033
C-N(T) | 0.00| 0.00| 0.00] 0.00] 0.00] 0.00| 0.00] 0.00| 0.00] 0.06| 0.08] 0.09| 0.00
C:(())_(T) 0.10| 0.10| 0.10| 0.12| 0.11| 0.11| 0.11| 0.12 | 0.13| 0.10 | 0.08 | 0.07 | 0.17
N:%'(T) 0.00 | 0.00 | 0.00 | 0.00 | 0.00| 0.00 | 0.00 | 0.00| 0.00 | 0.06 | 0.08 | 0.09| 0.00
Sq 052 | 040 028] 024| 022] 055 041] 027] 025 0.21] 1.43| 0.21| 3.00
Ssk | 457 | 0.33| 0.64| 1.84 | 049 | 1.67 | 1 5o | g1 | g7 | 004|018 o7, | -052
106. | 66.8 | 13.1 | 46.9 355 | 33.4 13.9
Sku ; 6 7 27919 3 S| 578] g7 | 750 | 6.62| 479| 7.07
Sp 13'4 8.85| 496 | 6.21 | 3.65| 7.77| 6.33 | 3.37 | 4.87 | 3.63| 856 | 2.95| 13.02
Sv | 466|879| 328|314 213] 493|866| 1.99| 4.15| 2.36 | 7.62| 2.11| 13.39
sz | Y| 1761 550l 934|578 127|149 537 902|509 101|506 | 2641
5 4 0 9 8
sa |030|025|020|018|017| 041|026 021019016 1.04]016] 221
Sk 0.73| 066 0.60 | 053 | 0.52| 1.19| 0.66 | 0.64 | 057 | 050 | 1.80 | 0.50 | 4.43
spk | 095|054 036] 027 027] 065|034] 025] 022 021|242 021] 547
svk | 066|051 031]029]021]063]087]034]033] 024176024 406
109 | 11.6 | 104 | 10.1| 106 | 13.6 | 10.1 13.0
SMri ; . . ) o 7 o | 966|986 |9.69| “77| 994 1250
88.1] 89.1| 89.3| 88.7| 906 | 90.3| 87.8| 884 | 89.1| 89.0 | 86.4 | 89.1
SMrz2 | 5Tl gl 4| 3 | 8 | 8 | 5 | 1| 4| 8| ol a | 844
Sxp | 0.63] 0.60| 051] 0.45| 0.44 | 1.07] 056 | 053] 0.48] 041 | 2.71| 0.42| 5.87
vw | 0.06| 0.05] 0.03] 0.03] 0.02] 0.06| 0.07] 0.04| 0.03] 0.03] 0.18] 0.03| 0.40
wc | 037 036] 029|025| 025|064]032]030]027]024|172]024| 355
vmp | 005 0.03] 0.02] 0.01] 0.01] 0.03| 0.02] 0.01] 0.01| 0.01] 0.08| 0.01| 0.21
vmc | 027|024 022] 019 0.18] 043| 024] 023|020/ 0.18] 099 0.18] 2.32
504 | 77.0 | 97.0 48.7 | 116. 17.9 79.8
sal o 3 o | 189 S| o | 851| T,7 | 162 | 1.33] (57| 133 | 27.15
Str 053] 046 049 | 0.69| 0.36| 0.40| 0.70 | 0.68 | 0.66 | 0.62| 0.54| 0.56 | 0.50
S::La;e 4.49 | 4.46 | 4.44 | 455 | 438 | 4.61 | 4.66 | 4.65| 4.61 | 4.48| 6.69 | 4.49| 11.04
WetM | 32.0| 37.0| 39.0| 354 | 157 | 52.0 | 1275| 3380 2697 | 2280 1850| 1150 *
Tg 37| 37| 41| 5] 3 | 28| 15| 37 | 68 | 138 | 119 | 119 | 876
Theta | 96.0| 92.0| 85.0| 75.0| 69.0| 72.0| 94.0| 82.0| 75.0| 61.0| 650 64.0| 695

* indicates missing value
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APPENDIX 7

A.7. Representative high resolution C1s XPS data for polymethacrylate library
These data were fitted by Dr. Rana Sodhi at University of Toronto.

Cls=GC

ClsA=GCO

ClsB =QC=0

C1sC =C-COQO (beta carbon)

C1sD =C=0
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poly(methythydropropyl)MA (MeHP)

poly(methyttetrahydrofurfur)MA (Me
THFF)
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poly(octytisobornythydroxypropyl)MA

(O-1-Undecyl)

polyHEMA (HEMA)
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APPENDIX 8

A.8. Representative high resolution C1s XPS data for terpolymer library

These data were fitted by myself at Georgia Institute of Technology.
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APPENDIX 9

A.9. Representative surface roughness images for polymethacrylate library

(measured by LEXT 3D confocal microscope)

polyEGMA (EGMA)

poly(hydroprypyl)MA (HP)

poly(isobornyl)MA (isobornyl)

poly(methythydropropyl)MA (MeHP)

poly(ethytbenzyt TEGMA) (E-B-
TEGMA)
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poly(isobutytbenzyt THFF)MA (E-B-
TEGMA)




poly(laurytisobornythydroxyethyl)MA
(E-B-TEGMA)

poly(octytisobornythydroxypropyl)MA
(O-1-Undecyl)

Polypropylene well (control)

poly(laurytisobornythydroxyethyl)MA
(E-B-TEGMA)

polyHEMA (HEMA)
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APPENDIX 10

A.10. Representativesurface roughness images for terpolymer library

(measured by LEXT 3D confocal microscope)
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HEMA (control)

PLLA (control)
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APPENDIX 11

A.11. Representative TOFSIMS scans forterpolymer library
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Positive spectra (continued)
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Negative iorspectra
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Negative spectra (continued)
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